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Resumen
En el norte de Centroamérica la deformación activa es consecuencia de las interac-
ciones entre las placas del Coco, el bloque de Chortís y la placa Norteamericana.
La margen oeste del bloque de Chortís es el arco volcánico centroamericano, que se
extiende desde Guatemala a Costa Rica. El arco volcánico funciona como zona de
debilidad donde se concentran las estructuras principales de esta margen. La Zona
de Falla de El Salvador (ZFES) es un desgarre dextral que se sitúa dentro del ar-
co volcánico centroamericano cruzando El Salvador. Se trata de una zona de falla
compleja, con fallas principales con dirección N90º-110ºE que definen los grandes
segmentos y fallas secundarias que acomodan la deformación en las zonas interseg-
mento. Las altas tasas de deformación que acomoda esta zona de falla se ve reflejada
en la sismicidad asociada a ella, siendo fuente de grandes terremotos destructivos
como el terremoto del 13 de Febrero de 2001 de magnitud Mw 6.6.
La Zona de Falla de El Salvador ha sido estudiada desde numerosos puntos de vista:
se han hecho análisis paleosísmológicos, geodéticos y sismotectónicos que constri-
ñen su actividad reciente; pero no existen trabajos que caractericen su evolución es-
tructural y tectónica. Con esta premisa, el hacer propuesta de un modelo de evolu-
ción de las estructuras integrado en modelos tectónicos regionales es uno de los
objetivos principales de la tesis. Para ello, hemos hecho un análisis morfotectónico
obteniendo índices geomorfológicos, que ha permitido caracterizar la evolución más
reciente de la zona de falla; hemos hecho modelos físicos analógicos, que permiten
inferir la estructura en profundidad de la zona de falla así como definir su evolución
cinemática en el marco tectónico; hemos hecho un análisis de la fracturación frágil
para reconstruir elipsoides de deformación que han permitido inferir diferencias en
el grado de acoplamiento en la interfase de la subducción Coco - Caribe y su relación
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Resumen
con la evolución de la deformación en el arco volcánico; y por último un análisis del
potencial sismogénico de la zona de falla, caracterizando y definiendo las fuentes a
partir de los resultados obtenidos en esta tesis, proponiendo escenarios sísmicos y
aportando parámetros aplicables al cálculo de amenaza sísmica en El Salvador.
El análisis morfotectónico revela una fuerte interacción entre las principales fallas de
la ZFES. Existen zonas de acomodación y relevos de la deformación entre fallas. Los
índices geomorfológos revelan cierta componente transtensiva activa en la ZFES. La
segmentación de la zona de falla y su fuerte componente de desgarre se traduce
en zonas inter-segmento que acomodan gran cantidad de la deformación. Se han
podido identificar diferencias en las tasas de deslizamiento a lo largo de la traza
de algunas fallas que van desde 4.6 mm/a en las partes centrales hasta 1 mm/a
en los extremos. Ciertos resultados de los índices obtenidos en fallas de la ZFES no
pueden ser explicados con la deformación activa, lo cual permite inferir una fase
de deformación previa que permita generar los grandes escarpes de falla que están
asociados a desgarres casi puros y explique ciertos resultados obtenidos en el estudio
morfotectónico.
Los modelos análogos han permitido constreñir satisfactoriamente cual pudo ser la
evolución cinemática de la ZFES. Un modelo sencillo que vincula tres grandes seg-
mentos en el arco volcánico (zonas de mayor flujo térmico que actúan como debili-
dades donde se concentra la deformación) con grandes grábenes generados en una
etapa de extensión, seguida de una etapa de desgarre que reactiva las fallas normales
de los grábenes y genera cuencas tipo pull-apart entre ellos es el resultado que mejor
reproduce el patrón de fracturación de la ZFES. Los resultados que se presentan en
esta tesis soportan la idea de que la etapa extensional está vinculada a un proceso
de roll-back de la placa del Coco bajo el bloque de Chortís. El proceso de roll-back se
data entre 7.2-6.1 Ma y 1.9-0.8 Ma. La fusión parcial cortical asociada a la migración
del arco hacia la fosa se tradujo en un emplazamiento discontinuo de las principales
cámaras del arco. Estas zonas, de mayor flujo térmico y menor espesor de corteza
frágil controlaron la formación de grábenes durante la etapa de roll-back. La segun-
da fase de deformación controlada por la migración relativa del bloque de Chortís
hacia el Este, reactiva las fallas de los grábenes como desgarres con cierta componte
normal.
2
Resumen
La toma de datos estructurales y la obtención de elipsoides de deformación han per-
mitido inferir dos fases de deformación diferentes en la margen oeste del bloque de
Chortís en El Salvador. Una fase de cizalla simple, con cierta componente trasnspre-
siva caracteriza la deformación del Mioceno y una fase de cizalla transtensiva car-
acteriza la deformación del Cuaternario. La primera fase de deformación se puede
relacionar con una etapa de mayor acoplamiento en la interfase de la subducción de
la placa del Coco bajo Chortís. La segunda fase de deformación se caracteriza por
transtensión a lo largo del arco volcánico Holoceno. Esta fase de deformación está
vinculada a una fase de bajo acoplamiento en la interfase de la subducción.
El análisis paleosismológico del segmento San Vicente revela que el potencial sísmico
de la ZFES es grande, existiendo registro de grandes terremotos (Mw > 7) asociados
a los desgarres del arco volcánico. Esto implica rupturas complejas que involucren
varios segmentos de la ZFES. Las aceleraciones calculadas para los escenarios pro-
puestos superan valores de 1.2g en las zonas más cercanas a las fuentes y valores por
encima de 0.4g en grandes ciudades como San Vicente, San Salvador o San Miguel.
Los resultados de esta tesis indican que en el arco volcánico centroamericano las
fuerzas están controladas por la interacción entre la deriva relativa hacia el este del
bloque de Chortís y el grado de acoplamiento de la interfase de la subducción de la
placa del Coco bajo el bloque de Chortís. El arco volcánico controla la localización de
la deformación, de este modo, durante el Mioceno el arco volcánico habría migrado
hacia la fosa junto con la deformación debido a un roll-back de la lámina del Coco bajo
Chortís. El cambio de grado de acoplamiento se puede relacionar con diferencias en
la tasa de apertura de la dorsal pacífica y las características de la subducción, pasan-
do de una zona de cizalla transpresiva con una vorticidad alta (cercano a cizalla
simple) en el arco volcánico (fases de altas tasas de apertura y grado de acoplamien-
to elevado) a una zona de deformación transtensiva Holocena (decrecimiento de las
tasas de apertura y acoplamiento bajo).
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Abstract
The current deformation in Northern Central America is controlled by the interac-
tion of the Chortís Block and the Cocos and Northern American Paltes. The western
margin of the Chortís block is the Central America Volcanic Arc, that extends form
Guatemala to Costa Rica. The Central America Volcanic Arc acts as a weak zone
where almost all the deformation is accommodated. The El Salvador Fault Zone
(ESFZ) is a dextral strike-slip fault zone located within the Central America Volcanic
Arc crossing El Salvador. It is a complex fault zone with the main segments trending
N90º-110ºE and secondary faulting that accommodates the deformation in the inter-
segment zones. The high strain that this fault accommodates is evident regarding
the associated seismicity. The ESFZ has been the source of destructive earthquakes
such as the February 13, 2001 El Salvador earthquake (Mw 6.6).
The El Salvador Fault Zone has been studied from different points of view: several
authors had carried out paleoseismological, geodetic and seismotectonic analysis
that constrain its current activity, but there is a lack of studies done with the aim of
characterizing the structural and tectonic evolution of the ESFZ. To solve that lack
of studies we have focused this PhD Thesis in these topics. We have carried out
a morphotectonic analysis, and calculated geomorphological indexes, that allowed
us to constrain the most recent evolution of the ESFZ; we have done physical ana-
logue models, that allowed us to deduce the structure at depth and to define the
kinematic evolution integrated in the tectonic context; we have done an analysis of
the brittle deformation to constrain the strain ellipsoid shapes, that allowed us to
infer differences in the degree of coupling in the Cocos - Caribbean subduction in-
terface and its relationship with the deformation evolution within the volcanic arc;
and finally we have estimated the seimogenic potential of the ESFZ, we have de-
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fined seismic sources and its parameters and we propose different seismic scenarios
deduced from the results of this thesis, providing data applicable to seismic hazard
assessment studies.
The morphotectonic analysis reveals an important interaction of the main segments
of the ESFZ. There are accommodation zones and fault relays. The calculated ge-
omorphological indexes indicate active transtensional strain in the ESFZ. The fault
zone segmentation and its strike-slip component result in inter-segment zones with
secondary faulting that accommodate part of the strain. In some faults there are
along-strike variations of the horizontal slip-rate from 4.6 mm/year to 1.0 mm/year
decreasing approximately from the center towards the tips of the fault. Some results
of the analysis can not be explained with the current deformation, this issue allowed
us to infer a previous deformation phase that generates great fault scarps associated
with almost pure strike-slip faults.
Analogue modeling allowed us to constrain the kinematic evolution of the ESFZ.
Our experiments suggest that a two-phase tectonic evolution best explains the ESFZ:
an early pure extensional phase linked to a segmented volcanic arc (weak zones
where the deformation is accommodated) is necessary to form the main structures.
This extensional phase is followed by a strike-slip dominated regime, which results
in inter-segment areas with local transtension and segments with almost pure strike-
slip motion. The results of the modeling support the fact that the extensional phase
is related with a slab roll-back of the Cocos Plate beneath the Chortís Block. The
volcanic ages in El Salvador were used to infer that the roll-back process occurred
between 7.2–6.1 Ma and 1.9–0.8 Ma. Mantle and crustal melt in association with
the subducting slab produced discontinuous emplacement of magma chambers, or
localized areas of partial melt, along the volcanic arc. These areas of thinned brittle
crust control the formation of grabens along the CAVA in El Salvador. Once rollback
stopped, the initial extensional structures were reactivated as major strike-slip faults
during the second phase (from 1.9–0.8 Ma to the present), a phase characterized by
a predominant strike-slip regime.
The structural data measurement and the obtained strain ellipsoids indicate two
deformation phases. A phase of transpressional wrenching close to simple shear-
ing (Miocene) followed by a phase of transtensional deformation along the CAVA
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(Holocene). The first deformation phase is related to a higher coupling stage of the
Cocos - Caribbean interface. The second deformation phase is linked to a low cou-
pling stage of the subduction interphase.
The paleoseismological analysis of the San Vicente Segment reveals a high seismo-
genic potential of the ESFZ. There is record of great earthquakes (Mw > 7) related
with the strike slip faults within the Volcanic Arc in El Salvador. That implies multi-
ple fault ruptures involved in the same event. The Peak Ground Acceleration calcu-
lated to the proposed scenario is up to 1.2g in the areas located closer to the sources
and up to 0.4g in the main cities, such as San Vicente, San Salvador or San Miguel.
The results of the thesis indicate that in the Central America Volcanic Arc deforma-
tion has been controlled by the interaction of the continuous eastward drift of the
Chortís Block, the coupling degree of the subduction interphase and the volcanic
arc acting as a weak zone. The volcanic arc controls the deformation location, this
way, during Miocene times the volcanic arc would have migrated toward the trench
due to a roll-back process of the Cocos slab beneath the Chortís Block. The defor-
mation would have migrated together with the volcanic arc. The coupling degree
changes can be related with differences of the pacific rise opening rates resulting in
transpressional wrenching in the volcanic arc (high opening rates and coupling), or
transtensional wrenching (lower opening rates and coupling).
7
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Capítulo 1
Introducción
1.1. Introducción general de la tesis
La presente tesis doctoral ha sido realizada en el departamento de Geodinámica de la
Universidad Complutense de Madrid. Se trata de una tesis bajo la supervisión del Dr.
José Jesús Martínez Díaz (Dpto. Geodinámica, Universidad Complutense de Madrid
e Instituto de Geociencias UCM-CSIC), la Dra. María Belén Benito Oterino (Dpto.
de Ingeniería Topográfica y Cartografía, Universidad Politécnica de Madrid) y el
Dr. José Antonio Álvarez Gómez (Dpto. Geodinámica, Universidad Complutense de
Madrid). Se desarrolla dentro del programa de doctorado en Geología e Ingeniería
Geológica por la UCM y forma parte de la actividad del grupo de investigación
de Tectónica Activa, Paleosismicidad y Riesgos Asociados (UCM-910368). La finan-
ciación de la tesis ha sido través de una beca pre-doctoral del Campus de Excelen-
cia Internacional (CEI Moncloa) y a los proyectos de investigación: GEOTÁCTICA
(CGL2009-14405-C02-02) “Analysis of the active tectonics and volcanotectonic inter-
actions in El Salvador using geological, geotechnical and geophysical data” e IN-
TERGEO (CGL2013-47412-C2-1-P), “Study of the seismic potential of inter-segment
regions in strike-slip active faults using Geological, Geophysial and Geodetic analy-
sis: Applied to the Alhama de Murcia Fault and the El Salvador Fault Zone”.
Esta tesis se enmarca dentro de una trayectoria del grupo de investigación en el estu-
dio de la tectónica activa y la geodinámica del Norte de Centro América. La trayec-
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toria del grupo en este ámbito queda patente en numerosos trabajos de investigación
entre los que se han desarrollado las tesis doctorales de José Antonio Álvarez Gómez
(Tectónica Activa y Geodinámica en el Norte de Centroamérica), de Carolina Canora
Catalán (Análisis sismotectónico, neotectónico y paleosísmico de la Zona de Falla de
El Salvador, Centroamérica) y Alejandra Staller Vázquez (Modelización de las defor-
maciones corticales en El Salvador (Centroamérica) mediante la integración de datos
geodésicos (GPS), geológicos y sismológicos).
Los trabajos realizados han aportado gran información sobre la estructura de la Zona
de Falla de El Salvador, así como su cinemática y la geodinámica regional, pero pocos
trabajos se han centrado en la evolución estructural y tectónica de la Zona de Falla
de El Salvador y la margen oeste de la placa caribeña. Por otro lado, la alta actividad
sísmica en esta región de gran vulnerabilidad y que en el último siglo ha sufrido
varios terremotos de magnitud superior a Mw 6.6 con miles de víctimas mortales,
nos empuja a caracterizar el potencial sismogénico de la zona de falla y a aportar
nuevos datos sobre fallas activas aplicables a la mejora del cálculo de la amenaza
sísmica en Centroamérica.
Por estos motivos la tesis se ha centrado en el análisis de la evolución de la deforma-
ción en el arco volcánico salvadoreño. Los análisis se han hecho desde un punto de
vista multidisciplinar, integrando análisis morfotectónicos, modelos físicos analógi-
cos y análisis poblacional de la deformación frágil, lo que ha permitido establecer
una propuesta para la evolución geodinámica reciente de la margen noroeste de la
placa de Caribe. Por otro lado, el análisis de campo de fallas activas (análisis pa-
leosismológico del segmento San Vicente) ha permitido caracterizar el potencial sis-
mogénico de la zona de falla y hacer una propuesta de escenarios en los cuales se
han calculado aceleraciones máximas asociadas a terremotos destructivos en el arco
volcánico salvadoreño y muy cercanos a áreas metropolitanas.
1.2. Estructura de la tesis
Siguiendo con la normativa de desarrollo del R.D. 99/2011 de 28 de Enero (BOE
10/02/2011) para las memorias de Tesis Doctorales en formato publicaciones, la
memoria de tesis está compuesta por siete capítulos, una introducción, un marco
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geológico, seguidos de tres capítulos principales (capítulos 3, 4 y 5), cuyo cuerpo es
un artículo para cada caso, en los cuales soy el autor principal y tienen como objetivo
común el análisis de la evolución estructural de la Zona de Falla de El Salvador; un
sexto capítulo compuesto por un artículo del cual soy coautor y que tiene resultados
que permiten obtener datos aplicables a los cálculos de amenaza sísmica. Además,
se presenta un capítulo (capítulo 7) que integra todas las conclusiones parciales de
cada artículo en un modelo geodinámico para la región de estudio.
El capítulo 3, es una análisis morfométrico de la Zona de Falla de El Salvador. En
este capítulo se caracteriza la evolución más reciente de la zona de Falla. Este análi-
sis ha permitido ahondar en la cinemática actual de la región y cuantificar la compo-
nente transtensiva de esta zona de falla. El cuerpo principal del capítulo es el artículo
“Alonso-Henar, J., J. A. Álvarez-Gómez, and J. J. Martínez-Díaz (2014), Constraints for
the recent tectonics of the El Salvador Fault Zone, Central America Volcanic Arc, from mor-
photectonic analysis, Tectonophysics, 623, 1–13. ”.
El capítulo 4 se centra en la evolución estructural de la Zona de Falla de El Salvador
a partir de modelos físicos analógicos. El estudio experimental que se presenta en
este artículo es el resultado de una estancia de investigación en el laboratorio de tec-
tónica experimental del Instituto de Ciencias Geológicas de la Universidad de Berna
bajo la supervisión del Dr. Guido Schreurs. El cuerpo principal de este capítulo es
el artículo “Alonso-Henar, J., G. Schreurs, J. J. Martínez-Díaz, J. A. Álvarez-Gómez, and
P. Villamor (2015), Neotectonic development of the El Salvador Fault Zone and implications
for deformation in the Central America Volcanic Arc: Insights from 4-D analog modeling
experiments, Tectonics, 34, 133–151, doi:10.1002/2014TC003723. ”.
El capítulo 5 es un análisis de la deformación a partir de datos de deslizamiento en
fallas con datos tomados en estaciones de medida en todo el país. Este capítulo ha
sido esencial para establecer una propuesta geodinámica regional que integra obser-
vaciones de otros autores y las observaciones y resultados de los capítulos anteriores.
Este trabajo ha sido enviado a la revista Lithosphere y está en proceso de revisión:
“Alonso-Henar, J., Álvarez-Gómez J.A., Martínez-Díaz, J.J. (2015), Neogene-Quaternary
evolution from transpressional to transtensional tectonics in the Central America Volcanic
Arc controlled by Cocos – Caribbean subduction coupling change. Lithosphere (under re-
view) ”.
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El capítulo 6 es un planteamiento de escenarios sísmicos a partir de datos paleosis-
mológicos y aceleraciones que permiten caracterizar el potencial sismogénico de la
Zona de Falla de El Salvador. Está compuesto por un artículo del cual soy coautor:
“Canora, C., Martínez-Díaz, J.J., Insua-Arévalo, J.M., Álvarez-Gómez, J.A., Villamor, P.,
Alonso-Henar, J., Capote-Villar, R. (2014) The 1719 El Salvador Earthquake: An M > 7.0
Event in the Central American Volcanic Arc?. Seismological Research Letters Volume 85,
Number 4 , pp. 784-793”.
Cada artículo ha sido formateado dentro de la memoria de la tesis y además se pre-
senta en el formato de la revista como anexo a la tesis. La bibliografía usada en cada
artículo se encuentra al final de cada uno de ellos. La bibliografía de las secciones
que vinculan a los artículos (introducciones parciales y conclusiones - partes escritas
en castellano) se encuentran al final del volumen. Además se incluyen como ane-
xos dos artículos que se han realizado de forma paralela al trabajo exclusivo para el
desarrollo de esta tesis pero que forman parte de mi formación como investigador.
Estos artículos son: “Alonso-Henar, J., Montero, W., Martínez-Díaz, J.J., Insua-Arévalo,
J.M., Álvarez-Gómez, J.A., y Rojas, W. (2013), The Aguacaliente Fault, source of the Carta-
go 1910 destructive earthquake (Costa Rica). Terra Nova, v. 25, pp. 368–373” y “Staller, A.,
Martínez-Díaz, J.J, Benito, B., Alonso-Henar, J., Hernández, D., Hernández-Rey, R., Díaz,
M. (2015) Present-day crustal deformation along the El Salvador Fault Zone from ZFESNet
GPS network, Tectonophysics (under review)”.
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Marco Geológico
2.1. Tectónica del norte de Centroamérica
Centroamérica es el área geográfica que se extiende desde el istmo de Tehuante-
pec (en México) hasta el istmo de Panamá, uniendo América del Norte con Améri-
ca del Sur. Políticamente se divide en siete países: Belice, Guatemala, Honduras, El
Salvador, Nicaragua, Costa Rica y Panamá. Geológicamente Centroamérica se di-
vide en dos zonas con características geodinámicas lo suficientemente diferentes
que justifican su estudio por separado. La zona septentrional, que se extiende des-
de Guatemala hasta aproximadamente la frontera de Nicaragua con Costa Rica, y la
zona meridional, que llega hasta Colombia.
Geodinámicamente, Centroamérica está caracterizada por la interacción de las pla-
cas litosféricas del Coco, Nazca, Caribe, la micro-placa de Panamá y las placas nor-
teamericana y sudamericana (Figura 2.1.1). El norte de Centroamérica se sitúa en la
margen oeste de la corteza continental de la placa de Caribe, en un bloque cortical
denominado bloque de Chortís. Está limitado al norte por la zona de falla Motagua-
Polochic y las fallas transformantes de Islas Swan (Mann et al., 1990, Guzman-Spe-
ziale, 2001); al Sur por el escarpe de Hess (Dengo y Bohnenberger, 1969, Lallemant
y Gordon, 1999), muy cerca de la frontera entre Costa Rica y Nicaragua; y al oeste
por el Arco Volcánico de Centroamérica (Stoiberg y Carr, 1973). Las placas de Coco
y Nazca están separadas por la cresta del Coco subducen bajo la placas de Caribe y
13
Capítulo 2 Marco Geológico
la microplaca de Panamá (Figura 2.1.1).
2.1.1. Terrenos tectónicos de bloque de Chortís
La región septentrional centroamericana (Honduras, Nicaragua, El Salvador y Sur de
Guatemala) está formada por el bloque de Chortís, que es la única área emergida con
un basamento precámbrico/paleozoico presente en la corteza de la placa de Caribe.
Este bloque cortical se ha dividido en cuatro terrenos (Rogers et al., 2007a) y al norte
se separa del Bloque Maya por la Zona de Falla de Motagua-Polochic, que es a su
vez el límite norte de la placa de Caribe.
Un terreno tectonoestratigráfico es un conjunto de rocas limitado por fallas de una
extensión regional y caracterizado por una historia geológica que lo diferencia del
resto de los terrenos vecinos (Howell et al., 1985). En el bloque de Chortís, estas
regiones marcadas por historias geológicas diferentes presentan características dis-
tintas tanto en la estratigrafía como en la naturaleza y el grado de exposición del
basamento, aunque las delimitaciones por fallas no son siempre claras, por lo que
Rogers et al. (2007a) usaron métodos aeromagnéticos y geológicos para definirlos.
Los terrenos son los siguientes (Figura 2.1.2):
1. Terreno Central: Compuesto por cinturones de deformación paleozoicos y sedi-
mentos cretácicos superpuestos. Las zonas elevadas están compuestas funda-
mentalmente por rocas del Pre-Cámbrico y Paleozoico con una fina cobertera
cretácica. Las dataciones del Terreno Central tienen un rango de edades que
va desde el Proterozoico (1 Ga) al Eoceno (55 Ma). Las rocas paleozoicas for-
man un pliegue oroclinal, cuya fase de deformación está acompañada de ciza-
lla sinestral en la falla de Guayape durante el Cretácico Superior. Este terreno
representa el núcleo del super-terreno continental de Chortís (Case et al., 1990)
con cuencas Cretácicas intra-arco con dirección noroeste que deforman el basa-
mento paleozoico (Figuras 2.1.1, 2.1.2 y 2.2.1).
2. Terreno Oriental: Terreno confinado mayormente al área de la falla de Guayape.
El límite entre el Terreno Central y Oriental es la exposición de un basamento
cristalino que al norte coincide con la falla de Guayape y al sur sigue unas
14
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lineaciones magnéticas situadas al oeste de la falla (Rogers et al., 2007a). Este te-
rreno representa la margen sur del bloque de Chortís durante una etapa rifting
Jurásico que se desarrolló durante la separación de las placas Norteaméricana
y Suramericana. Los afloramientos del basamento en el terreno Oriental están
limitados a facies de los esquistos verdes con metamorfismo de edad Jurásica
(Figuras 2.1.1 , 2.1.2 y 2.2.1).
3. Terreno Meridional: A partir de la geoquímica de lavas cuaternarias Carr et al.
(2003) concluyen que el terreno sur de Chortís no tienen un basamento pa-
leozoico. El basamento se caracteriza por meta-anfibolitas volcánicas (Markey,
1995). Sobre este basamento se desarrollan formaciones de piroclastos del Mio-
ceno Medio (McBirney y Williams, 1965). Se interpreta como un elemento oceáni-
co acrecionado a los terrenos continentales (Rogers et al., 2007a) (Figura 2.1.2).
4. Terreno de Siuna: Terreno adherido al sur de Chortís que se sitúa fundamental-
mente en Nicaragua. Descrito por Venable (1994) e interpretado como un arco
isla del Cretácico Inferior acrecionado al bloque de Chortís durante el Cretá-
cico Superior. Las serpentinitas y rocas ultramáficas cabalgadas presentan ca-
racterísticas isotópicas de corteza oceánica (Rogers et al., 2007b (cap.6) (Figura
2.1.2)).
2.1.2. Estratigrafía y vulcanismo
Como se ha visto en el apartado anterior, el bloque de Chortís se podría simplificar
cómo un bloque de basamento paleozoico, con cuencas mesozoicas y una cobertera
volcánica cenozoica que está en relación directa con el Arco Volcánico Centroameri-
cano.
El conocimiento del vulcanismo caribeño a nivel regional ha estado íntimamente li-
gado a los datos arrojados por el proyecto “Ocean Drilling Program”. Este proyecto
ha permitido inferir gran cantidad de información sobre fases eruptivas explosivas
comunes para todo el Caribe. Sigurdsson et al. (2000) distinguen tres episodios ex-
plosivos durante los últimos 55 Ma en las márgenes de la placa de Caribe a partir
de cinco sondeos. El periodo más joven viene marcado por un episodio explosivo
16
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Figura 2.1.2: Mapa mostrando el bloque de Chortís y el bloque maya. Principales ter-
renos según Rogers et al., (2007). CCT: Central Chortís Terrane; ECT: Eastern Chortís
Terrane; SCT: South Chortís Terrane; Siuna: Siuna Terrane; CLIP: Caribbean Large
Igneous Province. Figura tomada de Rogers et al., 2007.
asociado a la actividad del arco de Caimán al sur de Cuba. Otro episodio durante
el Eoceno Medio-Superior que es responsable de la formación de ignimbritas en el
bloque de Chortís. Este episodio es coetáneo con la primera fase ignimbrítica del
episodio de Sierra Madre en México, que es considerada la provincia ignimbrítica
más grande del mundo.
En el norte de Centroamérica están documentadas grandes erupciones cuaternarias
relacionadas con calderas riodacíticas y riolíticas (calderas de Atitlán, Amatitlán,
Ayarza, Coatepeque e Ilopango en Guatemala y en El Salvador, Figura 2.1.3). La ex-
tensión de las ignimbritas, piroclastos de caída y cenizas se solapan unas con otras.
Rose et al. (1999) hacen una revisión y correlacionan episodios ignimbríticos en el
arco volcánico centroamericano. La correlación estratigráfica de las fases ignimbri-
tas se hace en base a dataciones de 14C y 40Ar/39Ar. La cronoestratigrafía se extiende
hasta los últimos 200 ka. Dichos centros eruptivos han entrado en erupción varias ve-
ces en ese intervalo de tiempo, con intervalos de recurrencia de 103a 105años (Rose
et al., 1999, Figura 2.1.3).
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Figura 2.1.3: Sección esquemática mostrando las relaciones estratigráficas de las ign-
imbritas del Cuaternario Superior. Modificado de Rose et al. (1999).
De una manera más local Ehrenborg (1996) desarrolla una estratigrafía para el Ceno-
zoico en la margen oeste del bloque de Chortís a partir de rocas volcánicas de Ni-
caragua. En la Figura 2.1.4 se muestran los nombres de la principales formaciones
y su correlación estratigráfica para Nicaragua, El Salvador, Honduras y Guatema-
la. La correlación se hace usando similitudes de carácter geoquímico y litológico
a partir de los trabajos en el sur de Guatemala de Burkart et al. (1983), Reynolds
(1987); el trabajo de Wiesemann (1975) en El Salvador; y para todo el arco Cen-
troamericano de Donnelly et al. (1990), Weyl (1980) y Reynolds (1980). El vulcanis-
mo en esta margen tiene clara relación con la subducción de la placa del Coco bajo
Chortís. Las formaciones Las Maderas (riolitas en Nicaragua), Padre Miguel (de-
pósitos ignimbríticos en el sureste de Guatemala y Honduras) y Chalatenango (rioli-
tas en Guatemala sur-central y El Salvador) tienen la misma posición estratigráfica
(Burdigaliense-Tortoniense). Se correlacionan las unidades de La Libertad y Cerro
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Hato Grande (Basaltos-Andesitas y domos riolíticos respectivamente en Nicaragua),
y las unidades más jóvenes de la Formación Morazán (vulcanismo bimodal en El Sal-
vador y Guatemala). Son equivalentes los basaltos y andesitas del Plio-Pleistoceno
de las Formaciones Santa Lucía (Nicaragua), San Jacinto (Honduras), Bálsamo y Cus-
catlán en El Salvador y Cuilapa y Cuscatlán en Guatemala. En este este último lugar
la Formación Cuscatlán también podría tener una fase de vulcanismo riolítico en
escudo (Figura 2.1.4).
El arco volcánico centroamericano fue dividido en siete segmentos en base a la posi-
ción y las diferencias en dirección de los lineamientos volcánicos. Las zonas límite
entre los segmentos propuestos por Stoiberg y Carr (1973) se caracterizan por tener
patrones de fracturación transversos a los segmentos. Trabajos más recientes propo-
nen una segmentación diferente para el arco volcánico en base a datos geoquímicos
(Agostini et al., 2006).
La corteza en el arco volcánico varía su espesor a lo largo de esta margen en Cen-
troamérica teniendo mayor espesor en los límites N y S del arco (Carr, 1984). En
la región occidental y central de Guatemala el vulcanismo cenozoico yace sobre es-
quistos paleozoicos. En Costa Rica el basamento es mucho más joven (Cretácico) y de
origen oceánico (Weyl, 1980). Hacia el norte, en Nicaragua, los depósitos volcánicos
son cada vez más antiguos cuanto más lejos de la fosa estén (McBirney y Williams,
1965; Ehrenborg, 1996), lo que resulta en una corteza mucho más adelgazada.
Plank y Langmuir (1993) hicieron una relación entre la altura de los volcanes, la den-
sidad máxima del magma y contenidos mínimos de SiO2, Na2O y FeO para estimar
es espesor cortical. Plank y Langmuir (1993) relacionan el contenido de Na2O y FeO
en lavas, tanto en Centroamérica como a nivel global, directamente con el grado de
extensión de la zona de fusión entre el manto y la corteza y la temperatura mantélica.
El espesor de la corteza controla la extensión de la zona de fusión, ya que es esta la
zona en la que se para el ascenso de diapiros mantélicos, debido al fuerte contraste
de densidades. Esto resulta en una corteza de espesor variable a lo largo del arco
volcánico. Las zonas de menor espesor cortical coinciden con los segmentos del arco
volcánico, lo que controla la deformación (Agostini et al., 2006; van Wyk de Vries,
1993, Corti et al., 2005a).
Desde El Salvador a Costa Rica, los isótopos de Sr y Nd tienen una correlación que
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indica una fuente mantélica enriquecida con una adición de Sr por parte de la lámina
subducente (Feigenson y Carr, 1993). El Sr derivado de la lámina de Coco, tiene un
mayor ratio isotópico debido a su interacción con el agua. En Guatemala central
y occidental, las proporciones de Sr y Nd indican una contaminación por parte de
la corteza continental. Esto se relaciona con el basamento paleozoico que tiene una
dirección paralela a la del frente volcánico en esta región. Esta contaminación no
solo se debe al espesor de la corteza en esta área, también es debido a la naturaleza
radiogénica de este tipo de corteza (Carr et al., 2003).
Agostini et al. (2006) definen tres segmentos para el arco volcánico cruzando El Sal-
vador, y proponen que el patrón de fracturación también depende de la posición de
estos segmentos, existiendo fracturas con direcciones transversas entre los segmen-
tos. Los resultados de experimentos hechos por Girard y van Wyk de Vries (2005)
demuestran que hay una relación directa entre la aparición de desgarres y grandes
calderas en Nicaragua y extrapolan esta observación al borde oeste del bloque de
Chortís. Proponen un vínculo directo entre la caldera de Atitlán y la falla de Jal-
patagua (Guatemala) que puede ser extrapolable a todo el borde del bloque. De una
manera experimental, Corti et al. (2005a) proponen que los cuerpos mantélicos que
se emplazan bajo la litosfera continental afectan a la deformación, debilitando la
corteza debido a procesos tanto mecánicos y como térmicos.
2.1.3. Modelos de evolución tectónica para el origen del bloque de
Chortís
La propuesta de un modelo de evolución geodinámica para la placa de Caribe en
general, y de forma más concreta para el bloque de Chortís, ha sido un desafío para
geólogos desde las primeras propuestas a finales de los años 70 y 80 (p.e. Malfait y
Dinkelman, 1972; Plafker, 1976; Ross y Scotese, 1988; Rosencrantz et al., 1988). Desde
entonces se ha progresado mucho en el conocimiento de la cinemática de la placa
de Caribe gracias al aumento de bases de datos geológicos de toda clase así como
una mejora en el conocimiento de la dinámica de las zonas de subducción, los con-
ceptos de la tectónica de placas y en gran medida al proyecto ODP (Ocean Drilling
Program; Meschede y Barckhausen, 2000). Se han hecho muchas reconstrucciones
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tectónicas cualitativas para esta región tratando de compilar e integrar los datos y
conocimientos existentes para cada momento (p.e. Burke, 1988, Pindell et al., 1985,
1998, Pindell y Barrett, 1990, Meschede y Frisch, 1998, Müller et al., 1999, Kerr et al.,
2003, Pindell y Kennan, 2009, Kennan y Pindell, 2009). Estos trabajos son fundamen-
talmente reconstrucciones cualitativas en base a bibliografía, que integran datos a
escala regional o local (una buena síntesis de estos trabajos se presenta en Álvarez-
Gómez, 2009). Boschman et al. (2014) abordan el problema integrando en una base
de datos todos estos trabajos y cuantifican usando el software “Gplates Free Software”
(Boyden et al., 2011) un modelo de evolución para toda la placa de Caribe para los úl-
timos 200 Ma. La controversia y debate sobre el origen de la placa de Caribe quedan
patentes en los artículos citados, y se puede resumir, grosso modo, en los siguientes
modelos geodinámicos:
1. Modelo Chortís derivado de México: Este modelo acude a un gran desplazamiento
del bloque de tipo sinestral a lo largo del sistema de fallas Caimán-Motagua-
Polochic. Según este modelo, el bloque de Chortís se despega de su posición y
se desplaza a lo largo del suroeste de México durante el Eoceno Medio. Tiene
un desplazamiento hacia el este de aproximadamente 1100 km de tipo desgarre
sinestral y una rotación en sentido levógiro de aproximadamente 30º-40º (p.e.
Gose y Swartz, 1977; Karig et al., 1978; Pindell y Dewey, 1982; Rosencrantz et
al., 1988; Pindell y Barret, 1990; Sedlock et al., 1993; Dickinson y Lawton, 2001;
Pindell et al., 2006, Boschman et al., 2014).
2. Modelo Pacífico: Este modelo propone que el origen del bloque de Chortís se
sitúa en el Pacífico Este a unos 700-800 km de la margen mexicana durante el
Eoceno. Esta propuesta implica un desplazamiento del bloque de 1100 km en
los últimos 45 Ma y una rotación dextrógira de 40º (Keppie y Moran-Zenteno,
2005). Esta translación ocurre también a lo largo del sistema de fallas Motagua-
Polochic-Caimán.
3. Modelo fijista: Este modelo propone que el bloque de Chortís ha ocupado apro-
ximadamente la misma posición desde el Jurásico Superior, relativa al sur de
Mexico y al resto de Caribe, entre Norte y Suramérica. Se basa en la inter-
pretación de lineamientos estructurales como una fase de rifting fósil y fa-
llas transformantes formadas durante la separación de Norte y Sur América
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(James, 2006; Marton y Buffler, 1994). Este modelo también asume un papel im-
portante para el sistema de fallas Motagua-Polochic-Caimán, pero con un des-
plazamiento total de aproximadamente 170 km de desgarre sinestral (James,
2006).
2.2. Principales estructuras del bloque de Chortís
En Centroamérica las estructuras vienen determinadas por los movimientos rela-
tivos de los principales bloques que se disponen en esta región así como deforma-
ción interna en cada uno de ellos (Dengo, 1985). Como se menciona previamente el
norte de Centroamérica se compone de dos bloques principales, el bloque Maya y el
bloque de Chortís. El contacto entre estos dos bloques se produce a lo largo de una
zona de falla sinestral muy compleja denominada Falla de Motagua (Burkart et al.,
1987). El límite oeste del bloque Maya está caracterizado por un desgarre sinestral
con dirección N-S denominado falla de Salina Cruz que cruza el istmo de Tehuan-
tepec al sur de Mexico (Guzman-Speziale et al., 1989). El desgarre sinestral de Santa
Elena (o Gatún), que se une con el escarpe de Hess, es el borde sur del bloque de
Chortís, también considerado como una zona de sutura (Berrangé et al., 1989; Carr y
Stoiberg, 1977; Di Marco et al., 1995). El límite entre Caribe y Coco es la zona de sub-
ducción mesoamericana. La tasa de convergencia entre ambas placas es de 70 a 90
mm/año disminuyendo de sur a norte (DeMets, 2001; DeMets et al., 2010). La inter-
fase tiene muy bajo grado de acoplamiento (en Guatemala, El Salvador y Nicaragua)
(Álvarez-Gómez et al., 2008, Staller, 2014). Según Álvarez-Gómez (2009) la zona de
Wadati-Benioff tiene un alto ángulo de buzamiento bajo el bloque de Chortís y el
efecto en las deformaciones de Chortís apenas es apreciable.
La deformación en los bloques de Chortís y Maya no sólo se localiza en los bordes,
sino que hay gran cantidad de deformación interna que se distribuye en las siguien-
tes estructuras:
1. Región de pliegues y cabalgamientos de Chiapas: La deformación interna en el
bloque Maya se produce en una región de deformación transpresiva que ha
sido interpretada como la zona de relevo entre la zona de Falla de Polochic y
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la zona de falla de Salina Cruz. Son pliegues y cabalgamientos largos y apreta-
dos que se enraizan en una zona de despegue con sales y anhidritas y limitan
con el macizo de Chiapas (Guzman-Speziale y Meneses-Rocha, 2000, Guzman-
Speziale, 2010) (Figura 2.2.1).
2. Región de grábenes del bloque de Chortís occidental: entre el arco volcánico cen-
troamericano y al sur de la zona de Falla de Motagua-Polochic existe una zona
amplia de deformación extensional E-W que se traduce en grábenes orienta-
dos N-S y NNE-SSW. Los principales grábenes son los de Guatemala, Ipala,
Comayagua y Sula (Plafker, 1976, Burkart, 1983 y Emmet, 1983). La tasa exten-
sional en esta región ha sido calculada por Guazman-Speziale (2001) y Lyon-
Caen et al. (2006) con un total de 8 mm/año para toda la región. El significa-
do de estos grábenes es fuente de controversia. Han sido explicados tanto por
rotaciones del bloque de Chortís (Gordon y Muehelberger, 1994), como inclui-
dos en el límite Norteamérica-Chortís (Plafker, 1976; Burkart, 1983; Burkart y
Self, 1985; Guzman-Speziale et al., 1989) y explicados como extensión intrapla-
ca debido a un punto triple difuso entre las placas Caribe-Coco-Norteamérica
(Guzman-Speziale, 2001; Lyon-Caen et al., 2006; Álvarez-Gómez et al., 2008)
(Figura 2.2.1).
3. La falla de Guayape: Es la estructura lineal más clara en Honduras, se extiende
290 km atravesando Honduras de norte a sur desde la costa caribeña. Fue iden-
tificada por Muehlberger (1976) a partir de lineaciones en la red de drenaje y los
primeros estudios la caracterizaron como un desgarre sinestral (Ritchie y Finch,
1985). Posteriormente, Gordon y Muehlberger (1994) aportaron nuevos datos
sobre la cinemática de la falla contradiciendo las hipótesis previas y atribuyen-
do a la falla un salto dextral, que explicaron con rotaciones del bloque de
Chortís. A pesar de la impronta de esta falla su salto acumulado no es grande
(Boshman et al., 2014) y la sismicidad asociada a esta falla es muy poco rele-
vante. Se ha interpretado como una zona de cizalla sinestral durante el Cretá-
cico, movimiento opuesto al salto cuaternario (Mann et al., 2007, Figura 2.2.1).
4. Arco volcánico centroamericano: El arco volcánico se extiende desde la zona de
Falla de Motagua-Polochic y acaba abruptamente en el norte de Costa Rica. La
25
Capítulo 2 Marco Geológico
deformación está caracterizada por tres zonas de falla: la falla de Jalpatagua,
La Zona de Falla de El Salvador y la depresión de Nicaragua (Figura 2.2.1):
a) La falla de Jalpatagua: Es un desgarre dextral con dirección paralela a la
fosa que atraviesa el arco volcánico guatemalteco (Muehelberger y Ritchie,
1975). Es una falla muy poco estudiada y constituye el relevo occidental
de la Zona de Falla de El Salvador. Según Gordon y Muehelberger (1994)
desaparece aproximadamente al sur del graben de Guatemala.
b) La Zona de Falla de El Salvador: es una zona de deformación transtensiva
dextral con una dirección paralela a la fosa. Tiene relevos extensionales en
sus principales segmentos que atraviesan El Salvador con dirección E-W
(Martínez-Díaz et al., 2004, Corti et al., 2005b, Canora et al., 2010).
c) En Nicaragua no hay evidencias de fracturación paralela a la fosa, en lu-
gar de ello se encuentra la depresión de Nicaragua. Casi todos los vol-
canes cuaternarios nicaragüenses están dentro de esta región (McBirney y
Williams, 1965). Esta zona fue interpretada inicialmente como un graben
(McBirney y Williams, 1965) pero posteriormente van Wyk de Vries (1993)
reinterpreta esta estructura como un depresión limitada por fallas nor-
males de bajo ángulo que bordean las áreas de vulcanismo terciario. Las
fallas dentro de la Depresión de Nicaragua han sido interpretadas como
desgarres sinestrales con dirección noreste definiendo estructuras tipo li-
bro (LaFemina et al., 2002) (Figura 2.2.1).
2.3. Modelos geodinámicos del norte de Centroamérica
Los primeros modelos geodinámicos para Caribe llegan en lo años 70, cuando Mal-
fait y Dinkelman (1972), hacen una propuesta para la evolución reciente del Norte
de Centro América. La falta de datos y el contexto epistemológico no limitan a es-
tos autores, que proponen un modelo geodinámico muy consistente con las nuevas
aportaciones bajo el nuevo marco de conocimiento y la cantidad de datos existentes.
Estos modelos cinemáticos proponen que la deformación en el norte de Centroaméri-
ca es el resultado de un aumento del empuje debido a la subducción de Coco bajo
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Caribe desde hace 10 Ma. El oeste de Honduras y Guatemala sufrieron un pinza-
miento contra el Norte de Centroamérica a lo largo de la zona de falla de Motagua
debido al empuje de la subducción. El movimiento continuo hacia el este de la micro
placa caribeña genera tensión este-oeste y forma los sistemas de grábenes de Hon-
duras y el este de Guatemala (Figura 2.3.1).
Figura 2.3.1: Modelo geodinámico propuesto por Malfait y Dinkelman, 1972.
A partir del terremoto del 4 de Febrero de 1976 el conocimiento de la cinemática Cua-
ternaria y de los modelos de deformación para el bloque de Chortís evolucionaron
notablemente. El desplazamiento sinestral de la falla de Motagua como fuente del
terremoto justificó, según Plafker (1976), que esta falla era el límite norte del bloque
de Chortís. El análisis del salto cosísmico parecía justificar la propuesta de Malfait
y Dinkelman (1972) acerca de que el borde norte estaba pinzado debido a la com-
presión de las placas del Coco y Norteamérica. Debido a la dificultad de encontrar
un único punto triple que uniese Norteamérica-Coco-Caribe, Plafker (1976) propuso
tres modelos para el norte de Centroamérica.
El modelo más sencillo consiste en que las fallas transformantes del borde norte se
extienden hacia el oeste poniéndose en contacto con la fosa (Figura 2.3.2A). La mayor
parte del movimiento relativo entre Norte América y Caribe se absorbe en el conjun-
to de fallas transformantes. No se identificó ninguna traza superficial que una las
fallas transformantes con la fosa, pero el no desechar esta hipótesis se debía a que la
fuerte actividad volcánica cuaternaria podría estar enmascarando esta deformación.
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Lo que hizo desdeñar la hipótesis era que no explicaba satisfactoriamente el patrón
extensional dentro del bloque.
Un modelo algo más complejo propone que el desplazamiento lateral en el límite
occidental de la falla de Motagua se absorbe en fallas extensionales que conectan
los grabenes de Honduras con la fosa mesoamericana (Figura 2.3.2B). Dichas fallas
formarían un punto triple difuso. Sin embargo, aparentemente hay no se observan
este tipo de fallas ni entre el arco volcánico y la fosa en la región guatemalteca ni en
ningún lugar del arco volcánico centroamericano.
Un tercer modelo propone que el desplazamiento lateral de la fallas transformantes
en parte era absorbido por fallas extensionales como se propone en el modelo ante-
rior, con la diferencia de que la zona de extensión está limitada por el arco volcánico
centroamericano en lugar de la fosa (Figura 2.3.2C). Esto requiere cierto desacople
de la placa caribeña a lo largo del arco volcánico, una posibilidad que viene suge-
rida por la existencia de grábenes intra-arco con orientaciones paralelas a la fosa.
Según Plafker (1976), este proceso, si continuase lo suficiente, podría desembocar en
la aparición de un mar marginal a lo largo del arco volcánico; el golfo de Fonseca
podría ser una etapa incipiente de este proceso. Este modelo parecía satisfacer tan-
to las observaciones de las trazas de falla en superficie que se hicieron a partir del
terremoto de Guatemala como con la terminación de la falla de Motagua en fallas
normales en su límite oeste.
Con una aproximación más local, Carr y Stoiberg (1977) propusieron modelos de
deformación activa a lo largo del arco volcánico, dividiéndolo en ocho segmen-
tos de entre 100 y 200 km. Esto autores unifican la información existente hasta en-
tonces (Stoiberg y Carr, 1973; Brown et al., 1973; Carr, 1976). Distinguen tres tipos
de estructuras Cuaternarias a partir de la escala. Las mayores estructuras son de-
presiones estructurales, que tienen terremotos asociados de magnitud moderada.
Estructuras de escala intermedia, desgarres y zonas de fallas que habitualmente se
encuentran en los límites de estas regiones. Por último, estructuras de menor escala
que son fallas activas íntimamente relacionadas con estructuras de mayor escala.
Las depresiones estructurales coinciden espacialmente con el arco volcánico (Dengo
et al., 1968). Hay una gran depresión en Nicaragua, en El Salvador esta depresión
tiene diferente orientación y es más estrecha y en Guatemala es casi inexistente y se
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Figura 2.3.2: Diagramas esquemáticos que presentan diferentes alternativas para la
tectónica de Centro América según Plafker (1976). Los desplazamientos relativos es-
tán indicados por las flechas blancas. Los círculos negros son los principales vol-
canes. Figura tomada de Plafker, 1976.
manifiesta únicamente como pequeñas zonas topográficamente hundidas aisladas
asociadas a depresiones volcano-tectónicas. Los desgarres se interpretan como es-
tructuras a mesoescala que unen las depresiones (Stoiberg y Carr, 1973; Carr, 1976).
Estos autores proponen tres orientaciones principales de las fallas dentro del arco
volcánico: “Fallas norteadas” con orientaciones N10ºE, N10ºW y que según estos au-
tores controlan la posición de los volcanes; “Fallas transvesales” con orientaciones de
N30º-40ºE y “Fallas longitudinales” con orientaciones N120º-130ºE que representan
la expresión superficial de un desgarre sinestral en profundidad (Carr, 1976).
Burkart (1983) se basa en el estudio del límite Norteamérica-Caribe, concretamente
en el segmento formado por la falla de Polochic. A grandes rasgos, las características
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estructurales que este autor encuentra en la falla de Polochic son compatibles con el
modelo colisional centrado en la falla de Motagua. Este autor propone que la falla
de Polochic se prolonga hasta la fosa llagando incluso a producir desplazamientos
de 130 km durante el Neógeno (Figura 2.3.3). Los desplazamientos sinestrales en el
límite Norteamérica-Caribe de la falla de Polochic y Motagua, la tectónica extension-
al justo al sur y la segmentación del arco volcánico son explicados por Burkart y Self
(1985) como una tectónica de rotación de bloques. Esta idea es recogida por Gordon
y Muehelberger (1994), que desdeñan otros modelos teóricos ya que sólo la rotación
del bloque de Chortís explica las evidencias de salto dextral en la falla de Guayape
y la tectónica intraplaca del bloque (Figura 2.3.4).
Figura 2.3.3: Esquemas de los modelos geodinámicos previo y después al desplaza-
miento debido a la falla de Polochic. Modificado de Burkart (1983).
Guzman-Speziale (2001) calcula las tasas de deslizamiento en el Norte de Centroaméri-
ca con el tensor de deformación símico. Calcula una extensión de 8 mm/a que se
absorbe en los grábenes de Honduras mientras que la zona de falla de Motagua-
Polochic absorbe 20 mm/a (Figura 2.3.5). El cálculo es coherente con la existencia de
30
Capítulo 2 Marco Geológico
Figura 2.3.4: Modelo de Gordon y Muehlberger (1994) de rotación del bloque de
Chortís.
provincias compresivas al norte del límite de placas Norteamérica-Caribe y la exis-
tencia de desgarres en el sureste de México con ratios de deformación de 6-10 mm/a
según Guzman-Speziale (2001). Álvarez-Gómez et al. (2008) desarrollaron modelos
de elementos finitos para constreñir las fuerzas que controlan la deformación en el
Norte de Centroamérica. Tomaron como partida los modelos conceptuales descritos
de Malfait y Dinkelman (1972), Plafker (1976) y Burkart y Self (1985) y observaron
la interacción entre tres bloques litosféricos: el Bloque de Chortís, la placa norteam-
ericana y el bloque de ante-arco. Los modelos implican un grado de acoplamiento
bajo a muy bajo de la interfase de la subducción de Coco bajo Caribe. Concluyen que
las fuerzas derivadas de la subducción deben ser muy bajas y que la deformación en
el arco volcánico viene controlada por la deriva del bloque de Chortís hacia el este
respecto a Norteamérica, lo que induce un régimen transtensivo en el arco volcánico
centroamericano (Figura 2.3.5).
2.4. Zona de Falla de El Salvador
La tectónica salvadoreña se caracteriza por su alta actividad y sus tasas de defor-
mación elevadas. Durante el último siglo más de once terremotos destructivos han
causado un alto número de víctimas en este país (tanto por efectos ligados directa-
mente a los terremotos como por deslizamientos disparados por los mismos, (White
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Figura 2.3.5: Modelos geodinámicos propuestos por Guzman-Speziale (2001) y
Álvarez-Gómez et al. (2008).
y Harlow, 1993; Bommer et al., 2002). La migración relativa del bloque de Chortís ha-
cia el Este induce un régimen de deformación transtensivo dextral a lo largo del arco
volcánico atravesando El Salvador (Álvarez-Gómez et al., 2008), lo que se traduce en
una zona de cizalla dextral activa de unos 20 km de anchura y 150 km de longitud
que se denominó Zona de Falla de El Salvador (ZFES, Martinez-Díaz et al., 2004).
En Martínez-Díaz et al. (2004) se clasifican las estructuras que componen la ZFES en
fallas con direcciones NW-SE, NNW-SSE y E-W. La segmentación de la zona de falla
fue vinculada con segmentos del arco volcánico por Agostini et al. (2006), que propo-
nen la existencia de tres segmentos principales en el arco volcánico y tres desgarres
asociados a ellos. En los relevos entre desgarres se forman estructuras extensionales,
releasing bends y pull aparts que dan lugar a las fallas normales con direcciones NNW-
SSE, que podrían ser consideradas fallas secundarias. Posteriormente, estudios más
detallados muestran que se trata de una zona de falla compleja y más segmentada
(Canora et al., 2010). La cartografía de fallas activas y morfolineamientos revela la
existencia de cinco segmentos a lo largo de toda la zona de falla (Canora et al., 2012).
Estos segmentos son (de Oeste a Este): Segmento Oeste, Segmento San Vicente, Seg-
mento Lempa, Segmento Berlín y Segmento San Miguel (Figura 2.4.1).
El Segmento San Vicente se extiende desde la caldera de Ilopango hacia el este con
una longitud de 21 km. Se trata de un segmento con la deformación muy concen-
trada en un desgarre casi puro, que fue la fuente del terremoto del 13 de Febrero
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de 2001 (Canora et al., 2010). El Segmento Berlín se extiende desde el este del río
Lempa hasta aproximadamente el volcán San Miguel, con una longitud de 24 km,
en este caso la deformación está también bastante concentrada en un desgarre dex-
tral. Estos dos segmentos tienen un relevo dextral tipo releasing step-over en el cual
la deformación queda algo más distribuida y se genera una cuenca tipo pull-apart.
A esta zona se la denomina Segmento Lempa, y en esta tesis también denominada
zona inter-segmento debido a sus características estructurales (Figura 2.4.1).
El Segmento Oeste es una zona con la deformación bastante distribuida, tiene fallas
principales como la falla de Guaycume con una dirección de N120ºE y fallas secun-
darias normales con direcciones N150º-170ºE y N190º-220ºE. Es una zona de defor-
mación que está limitada por la falla de Jalpatagua (en Guatemala) y el segmento
San Vicente (Figura 2.4.1).
El segmento San Miguel es un segmento de unos 50 km de largo y se considera la
terminación hacia el Este de la ZFES. Es un conjunto de desgarres en echelon con
poca expresión. Los datos GPS revelan que la deformación en esta zona se podría
transferir hacia el sur y ser absorbida por fallas normales con direcciones N150º-
170ºE y N190º-220ºE situadas en la cordillera de Juacuarán-Intipucá (Staller, 2014,
Figura2.4.1).
Estudios locales en el segmento San Vicente tanto de cartografía como paleosis-
mológicos son llevados a cabo por Canora (2010) y Canora et al. (2012). Estos estu-
dios revelan que hay desplazamientos por evento de al menos 3.7 m, y una magnitud
máxima asociada a la ZFES de Mw 7.6 con un intervalo de recurrencia de aproxi-
madamente 800 años. A partir de datos geomorfológicos calculan tasas de desliza-
miento de c. 4 mm/a en el segmento San Vicente.
Las tasas de deslizamiento asociadas a fallas concretas a partir de datos geológicos
(tasas calculadas por Corti et al., 2005b, y Canora et al., 2012, 2014) tienen un rango
de variación dilatado, que se extiende desde 4 mm/a a 11 mm/a. El cálculo de estas
tasas resulta complejo y tienen un margen de error grande debido a la poca cantidad
de dataciones absolutas que hay en El Salvador, ya que son pocos los trabajos reali-
zados en este sentido. Además, hay un gran desconocimiento en cuanto a edades de
red de drenaje y formaciones se refiere.
El grupo de Ingeniería Símica de la UPM instaló en 2007 una red de GPS en El Sal-
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vador (ZFESNet). De este modo se ha podido cuantificar la deformación cortical
activa en el entorno de la ZFES (Figura 2.4.2). Staller (2014) muestra los resultados
de la ventana de medida 2007 a 2012 usando 23 GPS instalados por este grupo y 7
GPS instalados previamente (Alvarado, 2008).
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Figura 2.4.2: Campo de velocidades a partir de la red GPS ZFESNet. Figura cortesía
de A. Staller.
A partir de esta red, Staller (2014) muestra que el dominio de velocidades, respecto a
Caribe fijo, tiene una dirección c. 290º, que es prácticamente perpendicular a la direc-
ción de convergencia de Coco con respecto a Caribe (c. 20º según DeMets et al., 2010).
Además hay un decrecimiento de las velocidades hacia el norte (en la zona de retro-
arco) con un patrón de desplazamiento típico de una zona de desgarre bloqueada.
Los valores de velocidad tienen su máximo en la zona sur (12 mm/a) y mínimos al
norte (2 mm/a) ambos con movimientos prácticamente solidarios a Caribe (Figura
2.4.2).
El campo de velocidades no detecta la existencia de deformación asociada a la con-
vergencia entre Coco y Caribe. Esto se explica con un bajo acoplamiento en la inter-
fase de la subducción frente a la costa de El Salvador como se propone en Álvarez-
Gómez et al. (2008); Correa-Mora et al. (2009); Alvarado et al. (2011); Franco et al.
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(2012).
Como se puede ver, los análisis que se han hecho en la ZFES se han centrado fun-
damentalmente en la caracterización de su actividad cuaternaria, pero hay pocos es-
tudios que se hayan centrado en su evolución estructural. Además, se ha estudiado
la evolución de la deformación interna del bloque de Chortís, existiendo numerosos
trabajos que proponen modelos evolutivos, pero no hay estudios que profundicen
en la evolución geodinámica de la margen oeste del bloque (el arco volcánico cen-
troamericano) y su relación con la lámina subducente del Coco. La falta de estos
estudios ha motivado el desarrollo de esta tesis, que se centra en el análisis de la de-
formación reciente en el arco volcánico de El Salvador lo que permite proponer un
marco de la evolución tectónica de la zona coherente con la evolución regional del
bloque de Chortís.
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Análisis morfotectónico
En este capítulo se pretende caracterizar la actividad más reciente de la Zona de
Falla de El Salvador. La relación directa que existe entre la construcción del paisaje
y los procesos tectónicos hacen que el estudio del relieve aporte gran cantidad de
información útil para constreñir la evolución tectónica reciente. En concreto, en El
Salvador, el desarrollo del paisaje está íntimamente ligado a los procesos tectónicos,
y es por eso por lo que hemos recurrido al cálculo de ciertos índices geomorfológicos.
La primera aproximación de esta tesis a la tectónica salvadoreña se hizo calculando
índices geomorfológicos en la región del pull apart del Lempa. A priori, la deforma-
ción activa en esta región se debería ver reflejada en estos índices. La ausencia de
grandes ríos (excepto el Lempa) hizo que nos centrásemos en el uso de las cuencas
de drenaje como marcador de las variaciones producidas por la tectónica. De este
modo hemos podido cuantificar tanto variaciones laterales como verticales en la de-
formación reciente relacionada con la zona de falla.
El cuerpo principal de este capítulo es el artículo:
Alonso-Henar, J., Álvarez-Gómez, J.A., Martínez-Díaz, J.J. (2014), Constraints for the
recent tectonics of the El Salvador Fault Zone, Central America Volcanic Arc, from
morphotectonic analysis, Tectonophysics, v. 623, p. 1-13.
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3.1. Morfometría
La morfometría es definida como una medida cuantitativa de la forma del paisaje
(Keller y Pinter, 2002). Desde medidas muy sencillas como tamaños, elevaciones y
pendientes, hasta ecuaciones complejas que relacionen diferentes parámetros como
son los índices geomorfológicos, que resultan realmente útiles para cuantificar los
grados de actividad tectónica y definir procesos no siempre evidentes sin el uso de
estos índices. El uso de Sistemas de Información Geográfica (SIG) junto con el de-
sarrollo de los modelos digitales del terreno ha permitido que se desarrolle mucho
esta metodología en las últimas décadas. En nuestro estudio hemos recurrido a he-
rramientas de GRASS y a scripting en entorno bash combinado con GMT (Generic
Mapping Tools, Wessel et al., 2013) para el cálculo de los índices. Todo este capítulo
se desarrolla en base al modelo digital del terreno (MDT) a escala 1:10000 cedido por
el Ministerio de Medio Ambiente y Recursos Naturales de El Salvador (MARN) y
digitalizado a partir de hojas topográficas 1:25000 de todo el país.
La Zona de Falla de El Salvador es un desgarre casi puro, pero se le atribuye cierta
componente transtensiva (p.e. Álvarez-Gómez et al., 2008; Cáceres et al., 2005; Cano-
ra et al., 2012; Correa-Mora et al., 2009; Guzmán-Speziale, 2001, Staller, 2014). Esta
componente se ve reflejada en cierta oblicuidad en los desgarres, que pueden tener
algo de componente normal. La componente normal de los desgarres podría estar
reflejada en la topografía, por lo que determinamos que la hipsometría era un índice
adecuado para caracterizar la deformación activa extensional que se produce en la
ZFES.
La curva hipsométrica describe la distribución de elevaciones a lo largo de una área.
Se basa habitualmente en curvas que enfrentan parámetros de área y altitud, que
relacionan el área a partir de una sección horizontal relativa a la elevación sobre la
boca de una cuenca de drenaje (Strahler, 1952). Para el cálculo de la curva hipsométri-
ca a partir del MDT es necesario tener datos de elevación por pixel, traduciendo el
MDT a archivos ascii con datos xyz siendo x la longitud, y la latitud y z el valor de
elevación en metros con un intervalo de 10m para cada pixel (resolución del MDT en
nuestro caso). De este modo podemos representar la distribución de elevaciones re-
lativas (RE) enfrentadas al área relativa (RA). Es frecuente normalizar los resultados,
lo que facilita la comparación de unas regiones con otras, siendo:
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RE =
h
H
(3.1.1)
donde H es la altura máxima y h es la altura para la cuál se calcula el área,
RA =
a
A
(3.1.2)
donde a es el área de la superficie dentro de una región por encima de una elevación
dada (h), y A es el area total de la zona de cálculo o de la cuenca de drenaje. En
nuestro caso, el cálculo de áreas se hace como el sumatorio de píxeles que cumplan
los requisitos anteriores, ya que el área del pixel es constante (10 m2).
Figura 3.1.1: Curvas hipsométricas según Strahler, 1952. Se representan dibujos es-
quemáticos de los cambios teóricos en el relieve en base a un esquema tipo Davis
(1899).
Un elemento muy útil para conocer las diferencias entre unas curvas y otras es la in-
tegral hipsométrica, que representa la proporción del área relativa de la cuenca bajo
una elevación dada. En definitiva, el volumen bajo la curva que podría expresarse
como sigue:
V =
ˆ max.elev.
base
a δh (3.1.3)
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donde V es el volumen, “base” es la elevación mínima relativa de la cuenca (h/H
= 0) y “max.elev.” es la altura máxima de la cuenca, o lo que es lo mismo (h/H
= 1). Dividiendo esta ecuación por la altura máxima y el área total de la cuenca
obtenemos:
V
HA
=
1
HA
ˆ max.elev.
base
a δh (3.1.4)
V
HA
=
ˆ max.elev.
base
RA δRE (3.1.5)
Pike y Wilson (1971), probaron que el resultado de este cálculo era equivalente al
cálculo de:
Hi =
h¯− hm
hM − hm (3.1.6)
donde h¯ es la altura media, hm es la elevación mínima y hM la elevación máxima.
La forma de la curva hipsométrica, en principio, puede ser un indicativo del esta-
do de madurez de una cuenca. Atendiendo a un esquema evolutivo del paisaje tipo
“Davisiano” (Davis, 1899), las curvas hipsométricas con formas convexas indican un
estado juvenil de la cuenca; curvas con formas cóncavas son características de cuen-
cas maduras; y las curvas con “forma de S” indican estados intermedios de evolución
en el ciclo erosivo. De este modo, el resultado de las ecuación 3.1.6, también podría
reflejar la fase del ciclo erosivo en la que se encuentra una cuenca dada. Valores de
Hi cercanos a 1 representan curvas hipsométricas convexas y estados tempranos de
evolución y valores cercanos a 0 curvas cóncavas y estados avanzados del ciclo.
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Los resultados de las ecuaciones 3.1.5 y 3.1.6 siempre varían entre 0 y 1. Lo cual resul-
ta muy útil a la hora de hacer comparaciones entre diferentes áreas. Esta compara-
ción es posible ya que los valores de la hipsometría son independientes del tamaño
de la cuenca y el relieve (Strahler, 1952). Tradicionalmente se ha asumido una inde-
pendencia de la escala en los valores de hipsometría (Strahler, 1952), pero estudios
recientes demuestran que cuando aumenta el orden de la cuenca o su tamaño, el
valor Hi disminuye y viceversa (Cheng et al., 2012). En nuestro estudio hemos evi-
tado problemas de escala calculando hipsometría en cuencas de mismo orden o en
áreas similares evitando comparaciones de cálculos realizados a diferente escala. En
algunos casos es posible relacionar el ciclo erosivo con la actividad tectónica. Según
Keller y Pinter (2002) el ciclo erosivo se puede ver interrumpido por la actividad
tectónica en una región dada, que puede rejuvenecer una cuenca. De este modo es
posible relacionar curvas hipsométricas convexas y valores elevados de la integral
hipsométrica con zonas elevadas tectónicamente, y curvas cóncavas y valores bajos
de la integral con zona hundidas.
En el artículo que presentamos a continuación, la aplicación de esta metodología ha
permitido caracterizar la deformación más reciente de la Zona de Falla de El Sal-
vador. El cálculo de las curvas hipsométricas así como sus integrales permiten iden-
tificar tanto variaciones en el desplazamiento de las fallas tanto en la vertical como
en la horizontal y cuantificar la componente transtensiva activa que corresponde a la
zona de falla. Los resultados han permitido cuantificar de forma indirecta la tasa de
deslizamiento de algunos segmentos. Además, la morfometría ha permitido hacer
inferencias sobre la evolución más reciente del arco volcánico, permitiendo identi-
ficar segmentos que son fallas heredadas de un régimen tectónico previo.
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3.2. Constraints for the recent tectonics of the El Sal-
vador Fault Zone, Central America Volcanic Arc,
from morphotectonic analysis
Jorge Alonso-Henar (a,b), José António Álvarez-Gómez (a), José Jesús
Martínez-Díaz (a,c)
(a)Universidad Complutense de Madrid, Geodynamics, Madrid, Spain; (b)CEI Campus Moncloa,
UCM–UPM, Madrid, Spain; (c)IGEO, Instituto de Geociencias, UCM–CSIC, Madrid, Spain
3.2.1. Abstract
We have used hypsometric analysis to improve our understanding of the current tec-
tonic deformation and structure of El Salvador Fault Zone; a N90°E oriented strike-
slip fault zone that extends 150 km through El Salvador, Central America. Our re-
sults indicate an important amount of transtensive strain along this fault zone, pro-
viding new data to understand the tectonic evolution of the Salvadorian volcanic
arc. We have defined kilometric scale tectonic blocks and its relative vertical move-
ments, length of segments with homogeneous vertical motions and lateral relay of
active structures. We have identified and quantified slip-rate variations along-strike
of the El Triunfo fault within El Salvador Fault Zone, ranging from 4.6 mm/year
in its central parts to 1 mm/year towards the tips of the fault. This study supports
the hypothesis of a recent rotation in the maximum shortening direction, and the
accommodation of the current deformation through the reactivation of pre-existing
structures inherited from a previous tectonic regime.
3.2.2. Introduction
El Salvador is located in northern Central America, in the western margin of the
Caribbean plate. Crossing El Salvador with a N90°E direction, there is a 150 km long
right lateral strike-slip fault zone first described by Martínez-Díaz et al. (2004) and
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named as El Salvador Fault Zone. The southern area of the country is part of the
forearc sliver of the Caribbean plate, while the northern part of this country belongs
to the Chortís Block (Figure 3.2.1A), a continental block composed by a Paleozoic
basement, mesozoic marine sediments and volcanic material associated to the Cocos
plate subduction beneath this block (Rogers et al., 2002).
The neotectonic evolution of the Chortís Block region has been studied by many
authors at different scales and using several tools. At a regional scale, it has been
studied using GPS data, numerical modeling and through seismotectonics and seis-
mologic analysis (i.e. Álvarez-Gómez et al., 2008; Cáceres et al., 2005; Correa-Mora et
al., 2009; DeMets et al., 2007; Franco et al., 2012; Guzmán-Speziale, 2001). At a local
scale, faulting and tectonics in the Central America Volcanic Arc have been studied
through paleoseismology and tectonic geomorphology (Canora et al., 2012; Corti et
al., 2005; Ruano et al., 2008). All of these authors conclude the existence of a transten-
sive regime in the western boundary of the Chortís Block. The transtensive regime
along the volcanic arc is driven by the relative eastward drift of the Caribbean plate
relative to the North America plate, being the forearc sliver pinned to the North
American plate (Álvarez-Gómez et al., 2008). Also, it is important to highlight that
there is an important change in scale between the studies done on the Chortís Block
at a regional scale and the detailed studies carried out in different segments of the
ESFZ. This makes it difficult to compare local observations with the regional mor-
photectonic features in the area.
For these reasons we consider it necessary to tackle this problem developing an inter-
mediate scale study in order to improve our understanding of the ESFZ, its tectonic
behavior and hazard implications. The transtensive regime may be reflected in local
tectonic and geomorphological evidences and in the structural and geomorphologi-
cal characteristics of the ESFZ (Figure 3.2.1B). The analysis of the recent morphotec-
tonics along this fault zone using geomorphological indexes can be useful to address
these aspects.
The study of the recent topographic development and the use of geomorphological
indexes are adequate tools for the quantification of the active tectonics (Burbank and
Anderson, 2001; Keller and Pinter, 2002). At Central America the studies developed
using geomorphological indexes are scarce (i.e. Álvarez-Gómez, 2009; Hare and
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Gardner, 1985; Morell et al., 2012). Previous studies describe a transtensive tectonic
regime at the Central America Volcanic Arc in El Salvador (Figure 3.2.1A), which
induces relative vertical motions on the faults within El Salvador Fault Zone (i.e.
Álvarez-Gómez et al., 2008; Cáceres et al., 2005; Canora et al., in press). We have
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Figure 3.2.1: A: Tectonic setting of Northern Central America. Red arrows show rel-
ative displacements and its magnitude. Orange triangles show volcanoes from Cen-
tral America Volcanic Arc. Area enclosed in rectangle is Fig. B. Abbreviations are:
SIT: Swan Island Transform; MF: Motagua Fault; PF: Polochic Fault; ND: Nicaraguan
Depression; HE: Hess scarp; CAVA: Central America Volcanic Arc. B: SRTM image
of El Salvador. Black lines are main and secondary active faults, after Canora et al.
(2012).
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mainly utilize hypsometry (Strahler, 1952), because the possible dip-slip component
in the faults forming ESFZ should be reflected on this index. The relative vertical
movements associated to these faults may create differences in the evolution of the
adjacent basins. The measuring of the area–altitude relationships of the basins could
reflect the relative motions of the hanging and foot walls of the faults (Keller and
Pinter, 2002). Up to know, studies in active tectonics in El Salvador have been fo-
cused on the strike-slip motion of the ESFZ (i.e. Corti et al., 2005; Martinez-Díaz et
al., 2004), but there are no studies focused on the relative vertical motion related to
these faults.
In this work we define kilometric scale tectonic blocks and its relative movements to
constrain the recent strain distribution along the ESFZ, the length of segments with
homogeneous vertical movements and the lateral relay of active structures. The re-
sults of this study support the hypothesis of a recent rotation in the maximum short-
ening direction, and the accommodation of the current deformation along structures
formed in a previous tectonic frame. A similar tectonic evolution in Nicaragua as
described by Weinberg (1992) is interpreted from the results of this work of El Sal-
vador.
3.2.3. Tectonic setting
El Salvador is located in the western margin of the Chortís Block, where a volcanic
arc is present (Central America Volcanic Arc), extending from northern Costa Rica to
Guatemala. The Central America Volcanic Arc (CAVA) ends abruptly at the Polochic
Fault in Guatemala (Figure 3.2.1A). The volcanic arc has been divided into three
main zones according to its orientation, the style of its structures and geomorphol-
ogy (Álvarez-Gómez, 2009). From south to north the main structures within the
Central America Volcanic Arc are: The Nicaraguan Depression, from Northern Costa
Rica to the eastern Gulf of Fonseca (McBirney and Williams, 1965; van Wik de Vries,
1993), the El Salvador Fault Zone, from western Gulf of Fonseca to approximately El
Salvador–Guatemala border (Martínez-Díaz et al., 2004) and the Jalpatagua Fault in
Guatemala (Carr, 1976).
The northern boundary of the Chortís block is the Motagua–Polochic–Swan Island
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transform fault (North boundary of the Caribbean plate), a fault zone with pure left
lateral strike-slip motion. The interaction between the Caribbean, North America
and Cocos plates results in a diffuse triple junction at Guatemala, where the defor-
mation is distributed in a broad area (i.e. Authemayou et al., 2011; Guzman-Speziale
and Meneses-Rocha, 2000; Guzmán-Speziale et al., 1989; Lyon-Caen et al., 2006;
Plafker, 1976). According to Lyon-Caen et al. (2006) and DeMets et al. (2010), the
convergence between Cocos and Caribbean plates has a N40ºE trend and a velocity
rate of 70–80 mm/year, and the Caribbean plate has a velocity rate of 20 mm/year
eastward relative to the North-America plate (Figure 3.2.1A).
The El Salvador Fault Zone is a 150 km long and 20 km wide deformation band
within the Salvadorian volcanic arc in the CAVA (Figure 3.2.1B) (Martinez-Díaz et al.,
2004). This deformation band is composed of main strike-slip faults trending N90°-
100°E, and secondary normal faults trending between N120ºE and N170ºE. The ESFZ
continues westward connecting with the Jalpatagua Fault. Eastward ESFZ becomes
less clear, disappearing at the Gulf of Fonseca (Figure 3.2.1B).
The ESFZ deforms and offsets Quaternary deposits with a right lateral displace-
ment in its main segments and clearly affects the geomorphology and relief (Figure
3.2.2A) (Corti et al., 2005; Martinez-Díaz et al., 2004). The ESFZ offsets Quaternary
ignimbrites and pyroclastic flows of Tierra Blanca Joven and Cuscatlán Formations
(Figure 3.2.2B). Horizontal offsets up to 200 m of Holocene deposits and drainage
network have been described by Corti et al. (2005) and Canora et al. (2012).
Five segments have been proposed for the whole fault zone, from the Jalpatagua
Fault to the Gulf of Fonseca (Canora et al., 2010). From west to east these segments
are: Western segment, San Vicente Segment, Lempa Segment, Berlin Segment and
San Miguel Segment (Figure 3.2.1B). Here we renamed the Lempa Segment as Lempa
Inter-Segment, because this is an area of distributed deformation with normal and
strike-slip faults connecting two well constrained deformation zones (San Vicente
and Berlin segments).
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This study is focused on the San Vicente, Lempa and Berlin segments, and specifi-
cally on its interactions (Figure 3.2.2A). The main faults of the segments are: The San
Vicente fault in the San Vicente Segment; El Triunfo fault in the Berlin Segment and
Lempa fault in the Lempa inter-segment. The studied area has a very clear geomor-
phological expression of the recent fault activity. The Lempa inter-segment, located
between San Vicente and Berlin segments, is especially interesting because the de-
formation is distributed in a large set of N120°-170°E trending normal faults that
seem to connect both segments; potentially increasing the maximum rupture length
capability of the ESFZ and the seismic hazard, as stated in Canora et al. (2012). Seis-
motectonic and paleoseismological data reveal a large seismic potential in ESFZ, in
fact the San Vicente segment has been the source of the February 13th, 2001 earth-
quake (Canora et al., 2010, 2012; Martínez-Díaz et al., 2004). In the Berlin Segment
the data are scarcer, only Corti et al. (2005) presented a detailed analysis of the ac-
tivity of this segment based on the mapping of the fluvial network and ignimbrites
affected by the recent fault activity. They concluded that ESFZ has a slip rate of ~11
mm/year from the late Pleistocene–Holocene strike-slip motion of the fault.
3.2.4. Regional morphometric analysis
In order to extract information about the fault interactions and the lateral distribu-
tion of the vertical displacements along the faults within the ESFZ, we have car-
ried out a morphometric analysis using topographic data. This analysis includes the
calculation of geomorphological indexes such as hypsometric curves, hypsometric
integral and the analysis of the basins’ orientations.
Figure 3.2.2: A: Interpreted structures of the study area overlaid onto 10 m resolution
DTM derived from 1:25,000 topographic map. B: Geological map (Bosse et al., 1978).
C. Shaded hypsometric integral map and histogram of the analysis results. SVF: San
Vicente fault; LF: Lempa Fault; ETF: El Triunfo Fault. Secondary faults interpreted by
Canora et al. (2012). Rectangles are the distinguished blocks: 1: North San Vicente;
2 South San Vicente; 3: El Tortuguero Extensional System; 4: Obrajuelo extensional
System; 5: Lempa Depression; 6: South Obrajuelo; 7: South Lempa; 8: North Berlin;
9: South Berlin. Q marked anomaly explained in the text.
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The whole study is developed from a 10 m resolution Digital Terrain Model (DTM),
supplied by the MARN (Ministerio de Medio Ambiente y Recursos Naturales de El
Salvador) obtained from the digitalization of 1:25,000 topographical maps. We used
Geographical Information System free software tools (GRASS, GDAL and Qgis), as
well as scripts in Bash environment using AWK and GMT (Wessel and Smith, 1991)
for data processing and graphic representation.
3.2.4.1. The hypsometric curve and the hypsometric integral
The hypsometric curve describes the elevation distribution of the relief in a specific
area, in a scale which may range from a basin to the whole planet (Keller and Pinter,
2002). It represents the area distribution existing above a determined elevation range
related to the total area (Strahler, 1952). It is usual to represent the area (a) and eleva-
tion (h) normalized to one (i.e.: Cheng et al., 2012; Keller and Pinter, 2002; Perez-Peña
et al., 2010; Walcott and Summerfield, 2008), which allows an easy comparison be-
tween different hypsometric curves in a specific study. The shape of the hypsometric
curves may give us information about the relative evolution stage of the fluvial basin
development. Thereby, a convex hypsometric curve indicates a “youthful” stage of
the basin; S shape hypsometric curve indicates an intermediate stage of the evolu-
tion (an area moderately eroded); and concave curves indicate “old-mature” basins
(Keller and Pinter, 2002). Hypsometric integrals values (Hi) have also been calcu-
lated. Hi is defined as the area under the hypsometric curve, which is equivalent
to the equation of Pike and Wilson (1971): Hi = (mean elevation − minimum ele-
vation)/(maximum elevation − minimum elevation). Therefore, values of Hi near 1
mean “youthful” stage of the basin and values of Hi near 0 mean “old-mature” stage
of the basins.
Strahler (1952) applies the hypsometric analysis to drainage basins and the manner
in which the mass is distributed within it. He related the area–altitude relationship
with the stage of the cycle of erosion. In some cases it is possible to relate the stage
of the cycle with the tectonic activity. It is because the cycle of erosion could be in-
terrupted by an uplift episode and rejuvenates the drainage basin (Keller and Pinter,
2002). Hence, the raised areas are in the early stages of erosion (concave hypsometric
curves and Hi values near 1), and the sunk areas in mature-old stages of the cycle
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(convex hypsometric curves and Hi values near 0).
According to Strahler (1952), the hypsometric curve is independent of the basin size.
On the other hand, Cheng et al. (2012) concluded that variations could exist for the
steady-state topography in result of the hypsometric analysis related to the basin
order and size. To avoid scale problems, each analysis has been made using areas of
similar size. In order to identify the basins in an objective way and at a homogeneous
scale, we have used GRASS basin identification tools on the DTM 10 m resolution.
3.2.4.2. Hypsometric integral mapping
Following the criteria described above a hypsometric integral value map has been
done (Figure 3.2.2C). To make this map, we carried out a topographic analysis fol-
lowing the equation of Pike and Wilson (1971). This map has been done cutting the
DTM with a moving window of constant area. We calculated the Hi value in each
cell, providing xyz values for each calculation (Longitude, Latitude and Hi). We have
used a cell area of 0.02º × 0.02° (approximately 2000 × 2000 m at latitude 13°) and a
window step of 0.004° (approximately 400 m).
In the Hi map (Figure 3.2.2C), we have represented the hypsometric integral values
(from 0 to 1). The results of the hypsometric integral follow a normal distribution
with the mean, mode and median close to each other (0.429, 0.45 and 0.438 respec-
tively). The graphic representation has been done following a color code, where the
red shades show the values higher than the mode (>0.45) and the blue shades show
the values lower than the mode (<0.45). Hereby, it is possible to observe gradients
separating domains with different integral values.
To avoid possible erroneous interpretations due to potential gradients associated
with lithological heterogeneities, we compare this map with the geological map in
figure3.2.2B. We will discuss this below in detail.
3.2.4.3. Hypsometric zonification
In the map of figure3.2.2C we observe patterns, analogies and differences between
different areas. We have distinguished several kilometric-scale blocks that present
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similar patterns in the Hi value distribution (Figure 3.2.3). We have calculated the
hypsometric curve for each block to characterize potential relative movements be-
tween them. We have defined nine blocks, five of them are located in the inter-
segment zone.
San Vicente blocks We have defined two blocks in the western part of the study
area. A northern block (North San Vicente, number 1 in Figure 3.2.2C), with predom-
inant high values of Hi, and a southern block (South San Vicente, number 2 in Figure
3.2.2C), with lower values of Hi. Attending to the geometry of the hypsometric curve
for the whole blocks of the San Vicente area (Figure 3.2.3), we can see a significant
difference between both of them. The hypsometric curve of the North San Vicente
block is convex (Hi = 0.49), while the one in the South San Vicente block is concave
(Hi = 0.23) (Figure 3.2.3).
Berlin Blocks There is a predominance of higher values of Hi to the north of the El
Triunfo Fault, therefore we have distinguished a block north of the fault and another
one to the south of the fault. The results of this block show S-shaped hypsometric
curves for both described blocks, with little differences between them, having values
of the Northern and Southern blocks of 0.38 and 0.35 respectively (numbers 8 and 9
in Figure 3.2.2C).
Lempa inter-segment blocks In the Lempa inter-segment, the differences between
Hi values are not very well constrained (3.2.2C). Nevertheless, we have identified
five blocks with different patterns of the values distribution in the inter-segment area
(Figures3.2.2C and 3.2.3). One of them is located in the northern part: El Tortuguero
extensional system (number 3 in Figure 3.2.2C); two of them are in the central part:
Obrajuelo extensional system and Lempa depression (numbers 4 and 5 in Figure
3.2.2C); and finally, two in the southern part, separated by the Lempa river (numbers
6 and 7 in Figure 3.2.2C): South Obrajuelo and South Lempa.
The extensional systems of Obrajuelo and El Tortuguero are highly fractured by sec-
ondary normal faults. Both areas have similar shapes of the hypsometric curve and
similar Hi values (Figure 3.2.3).
52
Capítulo 3 Análisis Morfotectónico
−89˚00' −88˚54' −88˚48' −88˚42' −88˚36' −88˚30' −88˚24' −88˚18'
13˚24'
13˚30'
13˚36'
13˚42'
13˚48'
Obrajuelo
Extensional System Lempa
Depression
South Obrajuelo
Hi = 0.35 
Hi = 0.16 
Hi = 0.09 
North San Vicente
Hi = 0.49
South San Vicente
Hi = 0.23
El Tortuguero
ExtensionalSystemHi = 0.32
North BerlinHi = 0.38
South BerlinHi = 0.35
South LempaHi = 0.28
0.0
0.2
0.4
0.6
0.8
1.0
h/H
0.0 0.2 0.4 0.6 0.8 1.0
a/A
South San Vicente
North San Vicente
South Berlin
North Berlin
El Tortuguero Ext. Syst.
South Obrajuelo
Lempa Depresion
Obrajuelo Ext. Syst.
South Lempa
San Vicente Segment Inter-segment Berlin Segment
0.0
0.2
0.4
0.6
0.8
1.0
h/H
0.0 0.2 0.4 0.6 0.8 1.0
a/A
0.0
0.2
0.4
0.6
0.8
1.0
h/
H
0.0 0.2 0.4 0.6 0.8 1.0
a/A
h/
H
Figura 3.2.3: Main blocks and its hypsometric integral value (Hi) and hypsometric
curves. Red lines are the main faults.
El Tortuguero extensional system is lithologically homogeneous (Mio-Pliocene lavas
of Bálsamo Formation), and it is highly fractured by N120°-150°E trending secondary
normal faults, resulting in a horst and graben structure, causing the collapse of the
volcanoes bounding to the north of the Lempa Depression (Figure 3.2.3). The gra-
dients of Hi values on the map are arranged along the N120°–150° direction corre-
sponding with the secondary normal faults trending (Figure 3.2.2C).
Obrajuelo extensional system is composed of penetrative sets of N180°E trending
and N120°E normal faults that produce the collapse of volcanoes, as in El Tortuguero
extensional system. There is an anomaly (high values of Hi, marked with a Q in Fig-
ure 3.2.2C), which corresponds to Plio-Quaternary deposits of Cuscatlan formation.
The remaining area of Obrajuelo Extensional System is lithologically homogeneous.
The Lempa depression zone presents the most concave hypsometric curve and the
lowest values of Hi, typical of the “old” and stable basins (Strahler, 1952, Figure
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3.2.3). In the central part of the depression, there is a positive gradient to higher
values of Hi (Figure 3.2.2C), which are bounded on the north by a possible N90°E
trending fault, with smooth geomorphological expression, affecting Quaternary de-
posits of Lempa fluvial system (Figure 3.2.4) and defined by Canora et al. (2012).
The blocks defined at the southern part of the inter-segment zone (South Obrajue-
lo and South Lempa Blocks, 6 and 7 in Figure 3.2.2C) are bounded by the contact
between Mio-Pliocene deposits of Balsamo Formation and Holocene deposits of the
Berlin volcanic complex. The pattern of the distribution of Hi values is different be-
tween both blocks (Figure 3.2.2C). These blocks are the southern limit of the transten-
sional area and they are less fractured than the ones defined before. The South Obra-
juelo block presents a concave geometry of the hypsometric curve and it is composed
mainly by Mio-Pliocene deposits. The South Lempa blocks composed of Holocene
deposits of the Berlin volcanic complex also show a concave hypsometric curve but
with more predominance of higher altitudes that represents an intermediate stage of
the evolution of the topography (Figure 3.2.3).
Lem
pa 
Riv
er
Figura 3.2.4: Lempa depression detail. The location of this figure corresponds to
Lempa Depresion block described in 3.2.3. Arrows are indicating an inferred fault.
3.2.5. Local morphometric analysis
Here we present the results of the local analysis carried out in the drainage basins
northward and southward of the main faults (San Vicente, Lempa and El Triunfo
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Faults, Figure 3.2.5 and Table 3.1 1) and combine the results with the local variations
identified in the Hi spatial distribu- tion. We have carried out a detailed analysis with
the aims of identifying lateral variations of the vertical slip and individualize seg-
ments. We have considered small drainage basins and we calculated the hypsomet-
ric curve and integral of each one.
3.2.5.1. San Vicente Fault
Attending to the geometry of the hypsometric curve for the individualized drainage
basins of the surrounding areas of the San Vicente fault (Figure 3.2.5), we can see that
most of the northern basins (red in Fig. 3.2.5) have convex geometry; while most of
southern basins (blue at Figure 3.2.5) have concave geometry. There are some basins
that are not following this pattern, these are those situated at the western part of the
fault (basins 13 and 14 in Figure 3.2.5, Table 3.1), near the Ilopango Caldera. This
observation will be discussed below.
3.2.5.2. El Triunfo and Lempa faults
A further detailed study has been done in the El Triunfo and Lempa Faults. In these
areas there are strong variations in the distribution of the Hi values (Figure 3.2.2C).
In this area, topographical effects prior to the recent tectonic activity could also be
discarded (paleo-topography), because the topography has been blanked by the re-
cent volcanic activity of the Berlin volcanic complex. The Hi values northward of the
El Triunfo fault are higher than 0.6, while southward of the fault the values are lower
than 0.4. This is the highest difference along the ESFZ. These facts make this area a
good place to delve into the morphotectonic study.
The Lempa Fault has been studied together with the El Triunfo Fault due to its prox-
imity. In this area the hypsometric values between the northern and southern basins
have no significant differences. In Fig. 3.2.5B the hypsometric curves of the basins
from 33 to 47 are represented. Blue lines are the southern basins and red lines are
northern basins. Hypsometric curves of the surrounding basins of the El Triunfo
Fault normalized to one, have been represented in Fig. 3.2.5C. The curves represent-
ed in red lines are the hypsometric curves of the basins situated northward of the El
55
Capítulo 3 Análisis Morfotectónico
−89˚00' −88˚48' −88˚36' −88˚24'
13˚36'
0.0
0.2
0.4
0.6
0.8
1.0
h/
H
0.0 0.2 0.4 0.6 0.8 1.0
a/A
San Vicente Fault Lempa Fault
0.0
0.2
0.4
0.6
0.8
1.0
h/
H
0.0 0.2 0.4 0.6 0.8 1.0
a/A
El Triunfo Fault
0.0
0.2
0.4
0.6
0.8
1.0
h/
H
0.0 0.2 0.4 0.6 0.8 1.0
a/A
1
2
3 4
5 6
8 97
10
11
12 13 14 15 23
16 17
18
19
20
21
22
24 25
26
27
28 29
30 31
32
33
34
35
363738 39
40 41
42 43
44
4546 47 4849
50
5152 53
54
55
56 57
58
59
A
C
B
A B C
Figura 3.2.5: Map showing the analyzed basins. Basin numbers of Table 1. A, B and
C are showing the positions of San Vicente, Lempa and El Triunfo Faults respec-
tively on the map. A: Hypso- metric curves of the San Vicente segment surrounding
basins. B: Hypsometric curves of the Lempa Fault surrounding basins. C: Hypso-
metric curves of the El Triunfo Fault surrounding basins. Red lines are north basins.
Blue lines are south basins.
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Basin Number Segment Hi Basin Number Segment Hi
1 SV (N) 0.45 31 ET (N) 0.55
2 SV (N) 0.52 32 ET (N) 0.48
3 SV (N) 0.41 33 L (N) 0.29
4 SV (N) 0.5 34 L (N) 0.45
5 SV (N) 0.55 35 L (N) 0.28
6 SV (N) 0.54 36 L (N) 0.13
7 SV (N) 0.54 37 L (N) 0.3
8 SV (N) 0.53 38 L (N) 0.33
9 SV (N) 0.41 39 L (N) 0.5
10 SV (N) 0.51 40 L (S) 0.54
11 SV (N) 0.53 41 L (S) 0.62
12 SV (S) 0.44 42 L (S) 0.49
13 SV (S) 0.69 43 L (S) 0.49
14 SV (S) 0.67 44 L (S) 0.36
15 SV (S) 0.33 45 L (S) 0.42
16 SV (S) 0.5 46 L (S) 0.47
17 SV (S) 0.33 47 L (S) 0.37
18 SV (S) 0.34 48 ET (S) L (S) 0.39
19 SV (S) 0.38 49 ET (S) 0.37
20 SV (S) 0.32 50 ET (S) 0.42
21 SV (S) 0.28 51 ET (S) 0.38
22 SV (S) 0.24 52 ET (S) 0.33
23 SV (S) 0.26 53 ET (S) 0.3
24 ET (N) 0.44 54 ET (S) 0.34
25 ET (N) 0.53 55 ET (S) 0.39
26 ET (N) 0.56 56 ET (S) 0.29
27 ET (N) 0.58 57 ET (S) 0.27
28 ET (N) 0.62 58 ET (S) 0.31
29 ET (N) 0.62 59 ET (S) 0.39
30 ET (N) 0.59
Cuadro 3.1: Hypsometric integral value of the analyzed basins. Numbers of the basin
in the map of Fig. 3.2.5 and 3.2.7. SV: San Vicente fault; L: Lempa fault; ET: El Triunfo
fault. (S): Southern fault; (N): Northern fault and Hi: Hypsometric integral.
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Triunfo Fault (basins from 24 to 32 in the map of Figure 3.2.5 and Table 3.1). They
show S shapes and convex geometry. Hypsometric curves represented in blue lines
are for the southern basins of the El Triunfo Fault (basins from 48 to 59 in the map of
Figure 3.2.5 and Table 3.1), and they have concave geometries (Figure 3.2.5C).
3.2.6. Interpretation and discussion
In spite of the fact that the faults of ESFZ have a predominant strike-slip component,
the hypsometric analyses reveal that the normal component of the main faults is
significant, at least in the studied segments.
3.2.6.1. Lithological influence in the results of the analyses
Previous to any interpretation about uplift and relative movements of the blocks
defined, it is mandatory to dismiss possible non-tectonic effects on the topography
and thereby to the area–altitude relationship. There are some gradients in the results
of the Hi map that we have interpreted as a lithological effect in the hypsometric
results.
Comparing the Hi value map and the geological map we can see that there are some
hypsometric anomalies which are coincident with tephra deposits, especially with
the tephras of Tierra Blanca Joven Formation (TBJ; Hart, 1981, 1983) and the py-
roclastic flows of the Cuscatlán Formation (Plio-quaternary) (Figure 3.2.2B and C).
These deposits cover and “rejuvenate” the topography. The regions with these recent
deposits are in an early-state of erosion which increases the area of high elevations
in specific areas, and induces a larger value of the Hi.
This effect is clearly observed in the boundaries of Ilopango Caldera, where high-
er values of Hi correspond to TBJ deposits. Lithological effects are also observed
south of the San Vicente Volcano, where high values of Hi are coincident with Plio-
Quaternary deposits of Cuscatlán Formations and TBJ Formation. However, south
of San Vicente fault there are low values of Hi (Hi < 0.45) in areas covered by TBJ de-
posits. These results can be interpreted as a consequence of the dip-slip movements
of this fault (the normal component of the fault). In this case the TBJ deposition could
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be smoothing the differences between both walls of the fault due to tectonic move-
ments, resulting in higher values of Hi than expected if there were no TBJ deposits.
The results of the local analysis in this fault also show this effect.
The Berlin Formation is also a very young deposit, but it covers the topography in
a homogeneous way, so we cannot see clearly any influence in the results of the
analysis. In fact, there are gradients of the Hi value in regions with this lithology
(Figure 3.2.2B and C). We relate these gradients with tectonic processes.
3.2.6.2. Vertical movements of the tectonic blocks
Attending to the differences of the hypsometric curves and integrals for the blocks
defined in Chapter 3.2.4.3 (Figure 3.2.3), and taking into account that the results
could be conditioned by the lithology, we propose the relative movements of the
blocks.
We have interpreted an important uplift of the North San Vicente block relative to
the South San Vicente block. Despite the possible influence of the lithology, the dif-
ferences in the shape of the hypsometric curve and the Hi values are really clear
(Figure 3.2.3). The S-shape of the northern block indicates a “mature” stage of the to-
pography, while the concave shape of the southern block indicates an “older” stage
of the topography.
According to the hypsometric curve of the North Berlin and South Berlin blocks, we
do not see significant differences between them. In this case the lithology is homo-
geneous in both blocks and we can assume that these differences are related with
tectonic movements. Both curves are S-shaped, but there is a predominance of high-
er altitudes in the North Berlin block. We interpret a relative uplift of the northern
block, but it is much lower than the difference between north San Vicente and South
San Vicente blocks (Figure 3.2.3).
In the inter-segment zone the deformation is not well constrained. The extensional
systems of El Tortuguero and Obrajuelo have a similar hypsometric curve. There are
some deposits from Cuscatlan formation that could have influenced the results, but
the lithology could be considered homogeneous along the block. We think that the
results are so similar because both systems have equivalent fracturing style and a
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strong influence of monogenetic volcanoes that are scattered along both areas, con-
ditioning the topography and therefore the results of the analysis.
The South Obrajuelo and South Lempa blocks are bounded by the Lempa River
whereas the South Lempa Block is mostly composed of Holocene and Pleistocene
deposits from the Berlín Volcanic Complex and the South Obrajuelo Block is mainly
composed of Mio-Pliocene rocks of the Bálsamo Formation. We have not identified
evidences of tectonic activity between these blocks and they are not much fractured.
However, there are some differences in the hypsometric curves that could be ex-
plained by lithological heterogeneities
The lowest values of Hi and the most concave hypsometric curve are in the Lempa
Depression. The positive gradient of Hi values in the middle of the block is interpret-
ed as a consequence of the activity of a fault crossing the depression (Figure 3.2.4) as
described by Canora et al. (2012). Despite the low expression on the relief, the strong
gradient of Hi values supports the existence of this fault and its recent activity.
The Lempa block is bounded by normal faults, and we interpret that it is forming
the area of maximum subsidence of the pull-apart basin. This is also consistent with
some interpretations of Corti et al. (2005) and Agostini et al. (2006).
3.2.6.3. Fault slip variation along strike
A structural segment of a fault can be described as a section of the fault bounded by
fault branches, or intersections with other faults, folds, or cross structures (Scholz,
2002, Chapter 3). The existence of a segment in a fault zone implies a distinctive
seismic behavior. This means that it acts as an individual fault interacting with adja-
cent segments. Theoretically, the medium to long-term net slip along a fault segment
varies along the fault plane. This behavior, especially in active faults affecting Qua-
ternary materials, should be reflected in topography.
Usually, these variations in the displacement along the faults affect the strike slip
and the dip slip components. If the normal component of these faults is enough,
this lateral variation should be reflected in the results of the hypsometric analysis.
According to theoretical models, maximum accumulated long-term displacements
occur in the central part of the faults and decrease gradually towards the tip points
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Figura 3.2.6: Idealized behavior of a fault and the expected results of the hypsometric
curves.
(i.e. Cowie and Roberts, 2001; Ferril and Morris, 2001; Scholz, 2002; Walsh and Wat-
terson, 1989). Hence, in central parts, differences in hypsometric curves between the
hanging wall block and the foot wall block should be higher than at the tip points of
the fault, where hypsometric curves should tend to be equal (Figure 3.2.6).
In order to visualize these lateral variations, we have done profiles along the Lempa,
San Vicente and El Triunfo faults representing values of Hi of northern basins (red
circles) and southern basins (blue circles) (Figure 3.2.7). To compare their trends we
fitted quadratic polynomial regressions, shown as red and blue lines respectively.
This regression should fit well the surface displacement of a theoretical elliptical
fault rupture, although higher order polynomials could also be used. In addition we
have also represented the elevation difference between northern and southern blocks
of each fault along the profiles (Figure 3.2.7).
Profile A in Figure 3.2.7 is along San Vicente fault (basins from 1 to 23 in Table 3.1
and Figure 3.2.7). In the western part of the profile the value distribution and the
variations between the northern and southern values are not following a clear pat-
tern. The highest difference between them is in the eastern part. The highest scarp is
also situated also in the eastern part (at the length of 20 km, x axis). It does not cor-
respond with the idealized model of Figure 3.2.6, and the fit is not suitable for any
side of the fault. We interpret that these high values of the scarp and the differences
of Hi are not related with the recent activity of this segment. It could be related with
structures inherited from a previous tectonic phase as we discuss below.
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Profile B in Figure 3.2.7 has been done along the Lempa fault. The hypsometric in-
tegral values of the southern basins are higher than the hypsometric values of the
northern basins (Figure 3.2.7, basins from 33 to 47, and Table 3.1). The differences
between the northern and southern Hi values are decreasing from km 6 of the x axis
of the profile towards the eastern tip of the profile (km 12).
Profile C in Fig. 3.2.7 is along the El Triunfo Fault. In this profile the maximum dif-
ference between Hi values is observed in the central part of the fault, at km 12 of
the profile, from Hi = 0.62 in the north to Hi = 0.38 in the south. These differences
clearly decrease towards the tips of the fault, being non-existent at the tips (Figure
3.2.7 profile C). The fit of the northern values is the best one of all the profiles.
At the El Triunfo Fault, the basin orientations provide important information due
to the drainage radial pattern related to the Berlin Volcano (Figures 3.2.2 and 3.2.8).
We have measured the angle formed by the basins’ axis with the fault trace in order
to describe the horizontal component of the movement of this fault (Figure 3.2.8).
The radial pattern of the drainage basins is the same northward and southward of
the El Triunfo Fault. The fault activity produces lateral variations in the orientations
and position of the basins. We have represented the basin axes orientation values in
Figure 3.2.8. We can see that there are differences up to 30° at km 4 and up to 40° at
km 11. The regression shows that the differences are higher in the central part of the
fault and they decrease towards the tips. Although, in the eastern part of the fault,
the fan pattern of the basins axis became unclear and it is smoothing the results.
We have measure the possible offset of the basins assuming that the basins with
the same axis orientation were connected when they were formed. The result shows
the greatest offsets in the central-western part of the fault (kms 5 to 12), and the
smallest are in the tips (Figure 3.2.8). This drainage network is formed on Pleistocene
basaltic lavas from the Berlin volcanic complex and although the age is not well
constrained, Bosse et al. (1978) dated them with an age of 1.4 Ma. If we assume
that the drainage network formation is contemporaneous with the last basaltic lava
extrusion, then we can estimate the horizontal slip-rate of the fault. From the offsets
in the basin axes orientation (Figure 3.2.8), we have calculated a minimum slip-rate
for El Triunfo fault. The results, from west to east are: 0.75 mm/year, 4.2 mm/year,
4.83 mm/year, 4.79 mm/year, 1.4 mm/year, 1.7 mm/year and 1.4 mm/year (Figure
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3.2.8). The fault displacement (D) variation along-strike and the corresponding slip-
rate (SR), assuming the age of 1.4 Ma given by Bosse et al. (1978), are also shown
in Figure 3.2.8. In this plot, it is clearly seen how the fault slip decreases form km
6 towards the tips of the fault. The slip-rate is highest in km 6 with a value of 4.6
mm/year.
If we assume that 100 % of the differences of the Hi value and the differences in the
basin orientations are due to the fault activity, we can interpret that the El Triunfo
Fault is following an idealized model along a fault displacement distribution. The
maximum displacements are observed in the central-western parts of the fault and
they decrease towards the tip points.
If we analyze the profiles of Lempa and El Triunfo faults together we can observe
a relationship between both. From km 6.5 to the eastern end of the Lempa fault the
Hi differences between the north and south basins decrease, while in the El Triunfo
Fault increase eastward during the first 10 km (Figure 3.2.7 profiles B and C, over-
lap zone). We interpreted that there is a deformation relay between the Lempa and
El Triunfo overlapping faults that produce an accommodation zone between these
faults (Figures 3.2.7 and 3.2.9). Westward, Lempa fault absorbs much of the deforma-
tion, where Hi differences are higher (3.2.7 profile B). Eastward, the slip of the Lempa
fault decreases since the El Triunfo fault is absorbing much of the deformation. The
increase of the Hi value differences in El Triunfo Fault is coincident with the decrease
of the Hi value differences in Lempa fault and the overlap zone. An interpretation
of this zone as two antithetic faults with normal component but with predominant
strike-slip movement and an accommodation zone between both faults as showed
in Figure 3.2.9, is consistent with the morphometric results.
3.2.6.4. Tectonic evolution
In areas of ESFZ where deformation is accommodated in a narrow shear zone (El
Triunfo and San Vicente faults), there exists a clear uplift of the northern block rela-
tive to the southern blocks (Figure 3.2.3). The differences between the northern and
southern hypsometric curves on these faults are higher in the San Vicente fault than
in the El Triunfo Fault. The results of the San Vicente segment analysis do not show
a clear pattern in the lateral distribution of Hi differences, and it presents a huge
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fault scarp in the eastern part of the fault (Figure 3.2.7 profile A). These observations
could be explained by three hypotheses: a) a high uplift (large dip-slip movement of
the fault) in San Vicente segment of the ESFZ; b) a greater influence of lithology; and
c) the existence of inherited structures and associated relief.
Canora et al. (2010, 2012) conclude that the Holocene movement of San Vicente
fault is almost pure strike-slip, throughout its seismotectonic and paleoseismolog-
ical analyses. So we think that the Holocene dip-slip movement of this fault it is not
enough to generate the differences seen in the hypsometric results and it does not
satisfy all the observations.
We think that the lithological effect, as we have explained in the section specifically
focused in this issue, is smoothing the differences between the northern and south-
ern curves of the San Vicente blocks, and neither satisfies all the observation. So we
delve in the third option below: the existence of inherited structures and associated
relief.
Weinberg (1992) described a neotectonic evolution in western Nicaragua dominat-
ed by three different deformation phases from Miocene to Holocene, and thereby
two changes in the stress tensor. During the first deformation phase (Miocene–Low
Pliocene) dip angle of the subducting plate (Cocos plate) is low and it is coupled,
during this stage there is a maximum shortening direction NE–SW, and it generated
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a folding oriented NW–SE. Then a roll-back produced a rotation of the stresses. This
roll-back caused the migration of the volcanic arc south-westward to its current po-
sition. During this phase an extensional regime generated the highly asymmetrical
half-graben of Nicaragua bounded to the southwest by NW–SE, oblique-slip normal
faults (Funk et al., 2009). The second rotation occurred during middle Pleistocene
to Holocene. This change, caused a maximum horizontal shortening direction rota-
tion from N130°E to the current N–S, forming the Managua Graben (Weinberg, 1992,
Figure 3.2.1A).
At El Salvador, the volcanic chain has also migrated southward from the Miocene to
its current position. This migration could be also related to the Cocos plate roll-back
during late Pliocene–Pleistocene (Weinberg, 1992). This tectonic context could devel-
op E–W dip-slip normal faults similar to the normal faults driving the Nicaraguan
half-graben. The current tectonic regime reactivated those normal faults as transten-
sional strike-slip faults and the deformation could be concentrated on them (Canora
et al., 2012). This explain the anomalies on the results of the San Vicente Segment
and the abrupt scarp in that fault (Figure 3.2.7 profile A, dashed black line), if we
interpret the San Vicente fault as a formed dip-slip fault reactivated.
3.2.7. Conclusions
This study reveals dip-slip movements in some faults of ESFZ, and lateral changes
of the dip-slip and the strike-slip components. The results from our analysis are con-
sistent with some previous results describing a transtensional regime in ESFZ (i.e.
Álvarez-Gómez et al., 2008; Cáceres et al., 2005; Canora et al., 2012; Correa-Mora et
al., 2009; Guzmán-Speziale, 2001). This study reveals that there could be an impor-
tant interaction between different faults of the ESFZ. This is evident in the Lempa
and El Triunfo Faults detailed study, where there are deformation reliefs and an ac-
commodation zone between them, interpreted from the results of the topography
analysis (Figure 3.2.9).
The Lempa inter-segment zone is the area where distributed deformation dominates,
making this region an interesting zone for future seismic hazard studies because it
may be an area acting as a seismic barrier or asperity in large earthquakes along the
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ESFZ. The measure of the basin axes in the Berlin Segment area has been a useful
tool in order to assess the strike-slip motion of El Triunfo Fault and its slip-rate. We
have interpreted along-strike variations of the horizontal slip-rate from 4.6 mm/year
to 1.0 mm/year decreasing approximately from the center towards the tips of the
fault. From the hypsometric analysis, we have interpreted variations along-strike in
the dip-slip movement of the fault, being the maximum uplift in the middle and the
lowest in the tips. The behavior of the El Triunfo Fault presents a classical bell shaped
distribution of the slip along the fault.
The hypsometric curves and hypsometric integrals of the basins of the San Vicente
segment and the geomorphological expression of this fault can be explained by the
hypothesis of a reactivation of structures inherited from the previous extensional
tectonic regime and a recent rotation in the maximum shortening direction. A simi-
lar tectonic evolution as described by Weinberg (1992) in Nicaragua is possible and
could explain the anomalous results in the hypsometric analyses of the San Vicente
fault linked to a very high scarp.
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Capítulo 4
Modelado analógico 4D
Este capítulo se centra en la evolución estructural de la Zona de Falla de El Salvador
en base a modelos análogos 4D. Trabajos previos sobre esta zona de falla han arro-
jado una serie de preguntas que por sí solas justifican el trabajo experimental que
se expone en este capítulo. Canora (2010) hizo una cartografía estructural detalla-
da en base a modelos digitales y datos de campo y propuso una evolución para la
ZFES consistente en dos fases de deformación. Propone que una fase de extensión
ortogonal a la fosa podría generar estructuras tipo graben o semi-graben que serían
rejugadas posteriormente como los desgarres casi puros que forman la ZFES. Dicha
extensión podría estar relacionada con un proceso de roll-back similar al que ha sido
propuesto por Weinberg (1992) para la evolución neotectónica de Nicaragua. En base
a estos trabajos surgen las siguientes preguntas: ¿es la Zona de Falla de El Salvador
una zona de falla neoformada?, ¿puede una sola fase de deformación generar es-
tructuras similares a la ZFES?, o por el contrario ¿es necesaria una extensión inicial?,
¿cómo está segmentada la ZFES?.
El cuerpo principal de este capítulo es el artículo:
Alonso-Henar, J., G. Schreurs, J. J. Martinez-Díaz, J. A. Álvarez-Gómez, and P. Villamor
(2015), Neotectonic development of the El Salvador Fault Zone and implications for
deformation in the Central America Volcanic Arc: Insights from 4-D analog modeling
experiments, Tectonics, 34, 133–151, doi:10.1002/2014TC003723.
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4.1. Modelos físicos analógicos
Los modelos físicos analógicos ha aportado gran cantidad de conocimiento sobre
la evolución de estructuras en régimen de desgarre. Un modelo presenta simplifi-
caciones evidentes e inherentes a la propia técnica, se obvia la presión de fluidos,
se simplifica la estratigrafía, y hay una ausencia de efectos flexurales, térmicos o
isostáticos. A pesar de ello resulta ser una técnica realmente útil y extendida para el
estudio de estructuras en desgarre.
Un modelo físico a escala se construye para hacer una reproducción tanto temporal
como espacial de un prototipo natural. Resulta ser una técnica muy apropiada para
responder a las preguntas arriba realizadas. Los parámetros que previsiblemente
pueden controlar la deformación es esta región se controlan perfectamente con esta
metodología. Dichos parámetros son: la cinemática, el espesor cortical y la forma y
tamaño de debilidades corticales.
Muchos de los modelos tradicionales que se han hecho para zonas de desgarre se han
analizado con la visión en superficie de la deformación (Riedel, 1929; Mandl, 1988;
Tchalenko, 1970), otros análisis incluyen secciones seriadas invasivas (Dooley et al.,
2007; Wu et al., 2009). Nosotros hemos recurrido a la Tomografía Axial Computeri-
zada (TAC) como una técnica no invasiva que permite ver la evolución temporal de
la estructura en tres dimensiones (Schreurs y Colletta, 1998; Schreurs et al., 2003). El
análisis se ha llevado a cabo en el laboratorio de tectónica experimental del Instituto
de Ciencias Geológicas de la Universidad de Berna (Figura 4.1.1).
4.1.1. Modelado analógico. Materiales y escala.
Los modelos se construyen con materiales cuyas propiedades a escala reproducen
el comportamiento de la corteza a lo largo del tiempo y espacio. Como materiales
análogos hemos usado arena de cuarzo y arena de corindón, con un grano de entre
80 a 200 µm y entre 88 y 125 µm respectivamente, como material viscoso hemos usa-
do Polidimetilsiloxane (PDMS). Las arenas de cuarzo y corindón tiene propiedades
mecánicas similares, y han probado ser materiales análogos muy buenos para simu-
lar la deformación frágil en la corteza superior (Panien et al., 2006). Sus ángulos de
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Figura 4.1.1: Laboratorio de tectónica experimetal del Instituto de Ciencias Geológi-
cas de Berna
fricción interna están entre 35º y 37º, similares a los definidos para la corteza superior
de forma experimental por Byerlee (1978). Hemos usado una estratigrafía de arenas
de cuarzo y corindón porque los grados de absorción de la radiación X dan un con-
traste que permite diferenciarlos en las imágenes obtenidas por el escaner (Schreurs
et al., 2003).
La PDMS tiene una densidad de 0,965 g·cm−3 y un valor de viscosidad en régimen
Newtoniano de 5·104 Pa·s (Weijemars y Schmeling, 1986). Es considerado un buen
material análogo para simular flujos viscosos así como rocas de la corteza inferior
(Vendeville et al, 1987). La viscosidad varía con la temperatura, por lo que los expe-
rimentos se han hecho a la misma temperatura y no se esperan variaciones debidas
a esta causa.
En tectónica experimental se usan muy comúnmente los materiales arriba expuestos
ya que las propiedades de los granos de cuarzo y corindón secos al igual que algunos
otros materiales granulares son una buena aproximación al criterio de fractura de
Coulomb:
σs = C + tan ϕ · σn (4.1.1)
Donde σs y σn son respectivamente los esfuerzos de cizalla y normal en un plano de
falla potencial, C es la cohesión y ϕ es el ángulo de fricción interna. El coeficiente de
fricción interna (µ) es igual a tan ϕ. El criterio de fractura de Coulomb predice la for-
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mación de dos planos de falla potenciales en un cuerpo perfectamente homogéneo
e isótropo. Estas orientaciones son paralelas al esfuerzo principal intermedio (σ2) y
tienen un ángulo de ± (45º – ϕ/2) con respecto a la dirección del esfuerzo máximo
(σ1). Los modelos análogos construidos con materiales granulares suelen tener es-
pesores entre 2 y 10 cm, lo que resulta en esfuerzos normales en la base (para una
densidad de la arena de cuarzo de 1530 kg·m−3) entre 300 y 1530 Pa.
Panien et al. (2006) y Klinkmüller (2011) han aportado una información muy valiosa
acerca de las propiedades de los materiales granulares usados por laboratorios de
modelado analógico en todo el mundo. Concluyen que los materiales testados tienen
ángulos de fricción interna que van desde 31º a 41º, con excepción de materiales bien
redondeados que tienen ángulos de fricción interna menores (entre 22º y 30º). Los
ángulos de fricción interna para reactivar un plano de falla son sistemáticamente
menores que para iniciar una nueva. Esto se debe a que hay un “ablandamiento”
después del inicio de la fractura, por lo que el criterio de fractura de Coulomb solo
debe ser usado para predecir la orientación de nuevas fallas y no para deslizamien-
tos subsecuentes o reactivación de otras fracturas pre-existentes. Es muy importante
reseñar que Krantz (1991), mostró que el ángulo de fricción interna para la misma
arena seca varía de acuerdo con la manera en que la arena se vierte o tamiza dentro
del aparato, indicando una dependencia del coeficiente de fricción con la densidad.
En experimentos análogos en condiciones de gravedad normal y con espesores típi-
cos de varios centímetros, las fallas se forman como zonas de cizalla en materiales
granulares con baja cohesión. Bajo estas condiciones, no se produce disminución
en el tamaño de grano, por lo que la cizalla se traduce en una dilatancia positiva.
Esta dilatancia depende del apelmazamiento inicial de la arena, la distribución del
tamaño de grano, esfericidad y las condiciones en superficie de los granos (Koop-
man et al., 1987). La anchura de las bandas de cizalla dilatadas que se obtienen en
los experimenntos (normalmente entre 10 y 15 veces el tamaños de grano, Panien et
al., 2006) no es comparable a los prototipos naturales (Mandl, 1988), donde las zonas
de cizalla suelen ser zonas adelgazadas.
El mayor desafío de la construcción de los modelos experimentales es conseguir que
representen realmente el prototipo natural. Las leyes de escala requieren que la geo-
metría y el tiempo de deformación sean escalados apropiadamente. Esto implica que
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la respuesta de cada fuerza escalada en el modelo debe ser geométrica y cinemáti-
camente similar a la respuesta de la naturaleza a dichas fuerzas. Si cada fuerza en
el modelo corresponde con la naturaleza, entonces el modelo y la naturaleza son
“dinámicamente similares”.
La deformación experimental de rocas en condiciones de la corteza superior indica
que la deformación frágil en rocas intactas (sin fallas pre-existentes) y de material
homogéneo, siguen el criterio de fractura de Coulomb (eq.4.1.1). El ángulo de fric-
ción interna (ϕ) para la mayoría de las rocas de la corteza superior está entre 27º y
45º. Valores de cohesión obtenidos en laboratorios para rocas sedimentarias intactas
están en torno a 20 MPa. Ya que los modelos análogos no son una réplica exacta de
la naturaleza, los parámetros de escala tienen que ser usados para unir el modelo
con la naturaleza. Hubbert (1937), afirma que el modelo y la naturaleza deben tener
unas características reológicas idénticas.
Según Hubbert (1937) para conseguir unas propiedades adecuadas para un mode-
lo experimental que se deforma de manera frágil se deben satisfacer las siguientes
condiciones: a) que el ángulo de fricción interna del material análogo y la corteza
sean similares; y b) que se cumpla:
C∗ = ρ∗ · g∗ · L∗ (4.1.2)
donde C∗, ρ∗, g∗ y L∗ son los ratios adimensionales del modelo: cohesión, densidad,
gravedad y longitud respectivamente (se usa el superíndice asterisco (*) cuando se
habla del ratio modelo / prototipo natural).
La primera condición se cumple satisfactoriamente ya que los materiales granulares
secos usados en el laboratorio tienen ángulos de fricción interna entre 20º y 40º (p.e.
Eisenstadt y Sims, 2005; Panien et al., 2006), que son similares a los esperables en
la corteza superior. Para el segundo requisito hay que tener en cuenta que los expe-
rimentos análogos se llevan a cabo a gravedad normal, (g∗ = 1) y que la densidad
de los materiales frágiles usados en modelos análogos varía entre 1.4 y 1.7 g·cm−3,
por lo que, si asumimos una densidad de la corteza terrestre de 2.5 g·cm−3, ρ∗ está
en torno 0.56 y 0.68. De este modo, 0.56·L∗ < C∗ < 0.68·L∗. Escogiendo un ratio
de longitud razonable (L∗) de 10−5, la cohesión de los materiales usados debe estar
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entre C∗ = 0.56 · 10−5 y C∗ = 0.68 · 10−5 para los materiales de la corteza superior. En
los casos de una cohesión despreciable para los materiales de la corteza superior a
profundidades bajas (Byerlee, 1978), se necesitarían materiales casi sin cohesión para
que exista similitud dinámica, lo cual no se cumple satisfactoriamente.
Materiales viscosos lineales como PDMS o Gomme G.S.1R son considerados buenos
materiales análogos para simular reologías viscosas como evaporitas o rocas de la
corteza inferior (Vendeville et al., 1987). Los comportamientos reológicos de los ma-
teriales viscosos son dependientes del tiempo. En experimentos llevados a gravedad
normal:
σ∗ = η∗ · e∗ (4.1.3)
donde e∗, η∗ y σ∗ son los ratios del modelo: ratio de deformación del sistema natural,
viscosidad y esfuerzo. La eq. 4.1.3 puede ser reescrita como:
η∗ = ρ∗ · L∗ · T∗ (4.1.4)
donde T∗ es el ratio del tiempo para el modelo/sistema natural. En algunos casos
donde se pueden ignorar efectos de inercia en el proceso tectónico considerado, los
ratios para la longitud y el tiempo pueden ser elegidos de manera independiente
(Hubbert, 1937). Por lo que la ecuación 4.1.4 puede ser reescrita de la siguiente ma-
nera:
ρ∗ ·
(
L2
)∗
= η∗ · v∗ (4.1.5)
donde v∗ es el ratio modelo/naturaleza para la velocidad.
La densidad de los materiales de la corteza es bien conocida, y podemos determinar
la viscosidad y densidad de los materiales análogos. Por lo tanto, si elegimos un
ratio de longitud razonable y asumimos una viscosidad lineal, podemos conocer
la velocidad del modelo, o alternativamente, si escogemos un ratio de velocidad
razonable, podremos conocer la viscosidad a escala de la naturaleza.
En cualquier caso, aunque se haga énfasis en la importancia de las propiedades de
los materiales análogos, un modelo no es más que una simplificación de la realidad.
80
Capítulo 4 Análisis Experimental
Hay muchos detalles que no se tienen en cuenta como la presión de fluidos, los gra-
dientes de temperatura, diferencias en la compactación. A pesar de ello, los modelos
usados para tectónica de desgarre ha resultado realmente útiles para comprender las
estructuras de las fallas, su origen y su desarrollo.
Los experimentos que hemos aplicado para ahondar en el conocimiento de la evolu-
ción de la estructura de la Zona de Falla de El Salvador se han hecho contemplando
un abanico de posibilidades cinemáticas plausibles que pueden haber condicionado
su evolución. Este abanico incluye evoluciones polifásicas tipo extensión pura segui-
do de fase de desgarre; extensión pura seguida de fase transtensiva; y evolución de
una sola fase tanto transtensiva como de desgarre puro. Todas estas variables ci-
nemáticas se han probado sobre modelos con configuraciones que contemplan una
zona de debilidad (espesor frágil adelgazado) que simula zonas de mayor flujo tér-
mico (arco volcánico). Esta zona de debilidad se ha puesto como una zona continua
con la misma morfología que tiene el arco volcánico salvadoreño, o como zona de
debilidad discontinua siguiendo los segmentos del arco volcánico.
Presentamos un total de ocho experimentos cuyas particularidades se muestran en
el artículo. El procedimiento experimental ha resultado realmente útil para conocer
la evolución estructural de la zona de falla y vincular esta evolución con los procesos
geodinámicos que la controlan.
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4.2. Neotectonic development of the El Salvador Fault
Zone and implications for deformation in the Cen-
tral America Volcanic Arc. Insights from 4D ana-
logue modeling experiments.
Jorge Alonso-Henar (a,b), Guido Schreurs (c), José Jesús Martínez-Díaz (a,d), José
Antonio Álvarez-Gómez (a), Pilar Villamor (e)
(a)Universidad Complutense de Madrid, Geodynamics, Madrid, Spain; (b)CEI Campus Moncloa,
UCM–UPM, Madrid, Spain; (c)Institute of Geological Sciences, University of Bern, Bern,
Switzerland; (d)IGEO, Instituto de Geociencias, UCM–CSIC, Madrid, Spain; (e) GNS Science, Lower
Hutt, New Zealand
4.2.1. Abstract
The El Salvador Fault Zone (ESFZ) is an active, c. 150 km long and 20 km wide,
segmented, dextral strike-slip fault zone within the Central American Volcanic Arc
striking N100º E. Although several studies have investigated the surface expression
of the ESFZ, little is known about its structure at depth and its kinematic evolution.
Structural field data and mapping suggest a phase of extension, at some stage during
the evolution of the ESFZ. This phase would explain dip-slip movements on struc-
tures that are currently associated with the active, dominantly strike-slip and that
do not fit with the current tectonic regime. Field observations suggest trenchward
migration of the arc. Such an extension and trenchward migration of the volcanic
arc could be related to slab roll-back of the Cocos Plate beneath the Chortis Block
during the Miocene/Pliocene. We carried out 4D analogue model experiments to
test whether an early phase of extension is required to form the present-day fault
pattern in the ESFZ. Our experiments suggest that a two-phase tectonic evolution
best explains the ESFZ: an early pure extensional phase linked to a segmented vol-
canic arc is necessary to form the main structures. This extensional phase is followed
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by a strike-slip dominated regime, which results in inter-segment areas with local
transtension and segments with almost pure strike-slip motion. The results of our
experiments combined with field data along the Central American Volcanic Arc indi-
cate that the slab roll-back intensity beneath the Chortís Block is greater in Nicaragua
and decreases westward to Guatemala.
4.2.2. Introduction
The El Salvador Fault Zone (ESFZ) is a segmented strike-slip fault zone with a dom-
inant N90°-100ºE trend located in central El Salvador (Figure 4.2.1). This fault zone
is situated in the Central America Volcanic Arc (CAVA) near the western limit of the
Chortis block within the Caribbean Plate (Martinez-Diaz et al., 2004). Although sev-
eral studies have described the geometry and present-day kinematics of the ESFZ
(Martinez-Diaz et al., 2004; Corti et al. 2005a; Agostini et al. 2006; Canora et al.,
2010; 2012), few studies have dealt with its development and evolution. Recent
studies by Canora et al. (in press) using structural field data, DEM and satellite
image analysis, and by Alonso-Henar et al. (2014), using morphometric analyses
of relief suggest that part of the structures are better explained by an extensional
tectonic regime rather that the current strike-slip dominated tectonic regime in the
ESFZ. Both studies conclude that an extensional phase previous to the current tec-
tonic regime is required to explain the overall structure of the ESFZ. They suggest
that the extensional phase is related to slab roll-back of the Cocos Plate beneath the
Chortis Block, a process that was first proposed for Western Nicaragua by Weinberg
(1992). Such a possible evolution leads to some open questions that we address in
our research: Does the ESFZ form during one phase of transtensional deformation,
or do the structures in the ESFZ reflect a two-phase evolution, i.e. an early phase
of extension overprinted by a later phase of strike-slip or transtension? If the latter
the case is correct, could extension have been caused by slab roll-back beneath El
Salvador?
Here we try to answer the questions above by using 4D analogue model experiments
to test whether or not an extensional phase prior to the current strike-slip regime is
required to obtain the overall, present-day geometry of the ESFZ. Analogue mod-
elling is an effective tool that allows us to control essential parameters (e.g, crustal
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thinning, fault kinematic, strain rates) that may disprove or confirm our hypothesis.
To date, several experimental analogue modeling studies have investigated: the in-
fluence of the orientation of the extension axis in distributed transtension (Schreurs
and Colletta, 1998 and Schreurs, 2003); multiphase rift systems (Keep and McClay,
1997); Riedel experiments, using a planar and vertical strike-slip basement fault (e.g.,
Riedel, 1929, Tchalenko, 1970, Naylor, 1986, Burbidge and Braun, 1998); the relation-
ship between volcanism and strike-slip tectonics (Corti et al (2005b), Mathieu and
van Wyk de Vries (2011), van Wyk de Vries and Merle, (1998)). While these stud-
ies bring light into some aspects of our study, they do not fully help answering the
specific questions posed here for the ESFZ. Therefore, we have designed sandbox
experiments to model the ESFZ structures to address alternative models, and com-
pared results with published models.
The results of this study are relevant for an appropriate modeling of fault sources
for seismic hazard assessment in the region. Our results also contribute to the un-
derstanding of the evolution of the western plate boundary of the Caribbean plate
in Central America.
4.2.3. Tectonic setting
The ESFZ is located in the western margin of the Chortis Block, a crustal block
composed of Paleozoic basement, Mesozoic marine sedimentary rocks and Ceno-
zoic rocks of the CAVA, (Figure 4.2.1) (Wadge and Burke, 1983; Pindell and Barret,
1990; Rogers, 2002). The CAVA formed as a consequence of subduction of the Cocos
plate beneath the Chortis Block, and extends from Costa Rica to Guatemala, where it
ends abruptly at the Polochic Fault. Trenchward migration of the CAVA is suggested
by the relative location of volcanism in Nicaragua and in El Salvador; currently ac-
tive volcanoes are located closer to the trench compared to the Miocene volcanoes
(Bundschuh and Alvarado, 2007). The CAVA can be divided into three zones based
on structural style and geomorphology within the volcanic front (Álvarez-Gómez,
2009). From southeast to northwest these zones are: the Nicaraguan Depression, ex-
tending from Northern Costa Rica to the Gulf of Fonseca (McBirney and Williams,
1965, van Wyk de Vries, 1993); the ESFZ, crossing El Salvador from the Gulf of Fon-
seca to approximately the Gualtemala-El Salvador border (Stoiberg and Carr, 1973,
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Rose et al. 1999, Martínez-Díaz et al. 2004); and the Jalpatagua Fault that disappears
northwestward in Guatemala (Muehlberger and Ritchie, 1975, Carr, 1976) (Figure
4.2.1).
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Figure 4.2.1: Tectonic setting of northern Central America. Orange triangles show
the positions of volcanoes. Abbreviations are: SIT: Swan Island Transform Fault; PF:
Polochic Fault; MF: Motagua Fault; JF: Jalpatagua Fault; IG: Ipala Graben; ESFZ: El
Salvador Fault Zone; CAVA: Central America Volcanic Arc; GF: Gulf of Fonseca; ND:
Nicaraguan Depression; HE: Hess Scarpment.
The northern boundary of the Chortís block is the Motagua-Polochic-Swan Island
transform fault (northern boundary of the Caribbean plate), a fault zone with pure
left-lateral strike-slip motion. The interaction between the Caribbean, North Amer-
ican and Cocos plates results in a diffuse triple junction in Guatemala, where the
deformation is distributed in a broad area (i.e. Plafker, 1976, Guzmán-Speziale et
al., 1989, Guzman-Speziale and Meneses-Rocha, 2000, Lyon-Caen et al., 2006; Au-
themayou et al., 2011) (Figure 4.2.1).
The El Salvador Fault Zone is a 150 km long and 20 km wide deformation zone
within the Salvadorian part of the CAVA (Martinez-Díaz et al. 2004, Corti et al.,
2005a). The ESFZ consists of major strike-slip faults trending N90°-100ºE that con-
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centrate most of the displacement, and secondary normal faults trending between
N120ºE and N170ºE. From northwest to southeast the most important faults are:
Western segment, Ahuachapan Fault, Guaycume Fault, Apaneca Fault, San Vicente
Fault, Lempa intersegment, Berlin Fault and San Miguel Fault (Figure 4.2.2). The
Jalpatagua Fault forms the along-strike continuation of the ESFZ to the northwest.
The along-strike continuation towards the southeast is less clear and the ESFZ dis-
appears at the Gulf of Fonseca (Figure 4.2.2).
The ESFZ deforms the Quaternary alluvial deposits ignimbrites and pyroclastic flows
of the Tierra Blanca Joven and Cuscatlan Formations with right-lateral displacement
along its main segments (Martinez-Díaz et al. 2004, Corti et al, 2005a). Horizon-
tal offsets of Holocene deposits and of the drainage network can reach up to 200 m
(Corti et al, 2005a and Canora et al. 2012). Recent GPS and earthquake focal mech-
anism analysis suggest that strike-slip motion is predominant along the ESFZ, and
that the transtensional component is small (Canora et al., 2010, Staller, 2014). How-
ever some of the present day tectonic and geomorphic features of the El Salvador
Fault Zone cannot be explained with the current strike-slip dominated tectonic con-
text (Alonso-Henar et al., 2014, Canora et al., in press). These include the presence
of active strike-slip faults with associated fault scarps up to 300 m and a dip of 70º,
and graben-like structures (Figure 4.2.2).
4.2.4. Description of the hypothesis
Weinberg (1992) described the neotectonic development of western Nicaragua, and
distinguished three deformation phases during the Upper Miocene to Holocene. The
first deformation phase (Miocene-Early Pliocene) is characterized by a lower subduc-
tion zone dip angle and a higher mechanical coupling of the Cocos and Caribbean
plates interface. During this stage, the shortening was perpendicular to the trench,
and the maximum horizontal stress (Shmax) was trending towards NE causing NW-
SE folding. The second phase (Upper Pliocene-Pleistocene) is characterized by NE-
SW extension perpendicular to the trench. This phase is associated with an increase
of the slab dip angle (Weinberg, 1992). Roll-back of the Cocos plate and mechan-
ical decoupling of the Cocos and Caribbean plates are interpreted to have caused
the Nicaraguan Depression, together with seaward migration of the volcanic front.
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Weinberg (1992) related the salab roll-back to a decrease of the convergence rate be-
tween the Cocos plate and Chortís Block previously described by Jarrard (1986). The
third and current phase (Middle Pleistocene-Holocene) generated strike-slip faults,
pull-apart basins and the Managua Graben.
The active volcanic front in Nicaragua has a position nearer to the trench than the
Miocene volcanic arc (Bundschuh and Alvarado, 2007, Weinberg, 1992) (Figure 4.2.2a).
According to Burkart and Self (1985), in Guatemala inland Miocene volcanism is lo-
cated 100 km to the north of the current volcanic front. These authors associate the
migration of volcanism with the Ipala Graben formation and not with any slab pro-
cess (Figure 4.2.1). In El Salvador, the active volcanic front is located 20 km south
of the Miocene volcanic arc mapped in Bundschuh and Alvarado (2007). Hence, it
is reasonable to hypothesize that subduction roll-back of the Cocos plate also oc-
curred beneath El Salvador. Moreover, it is also possible that the fault scarps along
the strike-slip faults and graben-like structures along the volcanic front, could also
have formed during extension related to the roll-back process.
The segmentation of the CAVA has influenced the structural style (Stoiber and Carr,
1973; Burkart and Self, 1985; Agostini et al. 2006; Morgan et al. 2008). The posi-
tion of the different magma chambers conditions crustal rheology and thereby could
have determined the position of faults and the structural style (Corti et al, 2005b;
Mazzarini et al. 2010; Mathieu and van Wyk de Vries, 2011). For example, based
on geochemical data Agostini et al. (2006) proposed three large weak areas that rep-
resent three independent large magma chambers in the Salvadorian volcanic front.
According to these authors, these weak areas could have driven the segmentation of
the ESFZ with formation of three E-W strike-slip faults with extensional step-overs
and related pull-apart basins. They also concluded that the active volcanism is con-
fined to the three segments and almost inexistent in the pull-apart basins.
The larger E-W oriented strike-slip faults described by Martínez-Díaz et al. (2004)
are consistent with the conclusions by Agostini et al. (2006). However, Canora et
al. (in press) noticed that the San Vicente, Ahuachapan and Apaneca Faults and the
Western Segment have associated fault scarps and tectonic depressions that cannot
be explained purely by the Quaternary right-lateral strike-slip motion identified by
Corti et al. (2005a) and Canora et al. (2012) (Figure 4.2.2). Alonso-Henar et al. (2014)
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quantified the active extensional component along the ESFZ, and concluded that the
Quaternary strain regime cannot generate some of these fault scarps, and that a pre-
vious extensional phase is necessary to produce these morphologies. Several major
E-W faults of the ESFZ are dipping 70º (Canora et al. 2010), which would be unusual
for neoformed strike-slip faults. Quaternary motion of ESFZ reveals some transten-
sional strain, but this strain is not enough to explain the whole structure of the ESFZ.
Canora et al. (2014, in press) propose a model for the development of the ESFZ,
consisting of an extensional phase that generated E-W oriented grabens along the
volcanic front, and a later transtensive deformation phase that linked those grabens
through strike-slip faults. Reactivation of the normal faults of the graben as strike-
slip faults could explain the present fault scarps of the San Vicente, Ahuachapan,
Apaneca Faults and the Western segment of the ESFZ.
4.2.5. Experimental procedure
We have carried out a series of experiments combining transtension, strike-slip and
extensional tectonics to investigate the formation and evolution of structures in the
ESFZ. In our experiments we used different model geometries to simulate weaker
(thinned) continental crust of the volcanic arc formation associated with slab roll-
back of the Cocos plate beneath the Chortis block. We model the weaker continental
crust either by a continuous thinned zone or a discontinuous thinned zone (Figure
4.2.2 and 4.2.3). Our experimental set-ups are inspired by strike-slip and transten-
sional experiments done by Schreurs and Colletta (1998) and multi-phase rift exper-
iments done by Keep and McClay (1997).
4.2.5.1. Analogue materials and model scaling
We used granular materials and viscous materials to simulate the brittle behavior of
the upper crust and the ductile behavior of the lower crust, respectively. As granular
materials we used quartz sand and brown corundum sand with a grain size range
of 80-200 µm and 88- 125 µm and bulk densities of 1.56 g·cm−3 and 1.89 g·cm−3,
respectively. Quartz and corundum sand have similar mechanical properties with
internal friction angles between 35º and 37º (Panien et al. 2006), similar to values
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Figure 4.2.3: Experimental set-up. A: Continuous crustal thinning; B: Discontinuous
crustal thinning. C and D, Modeling apparatus prior and after deformation. PDMS:
Polydimethylsiloxane.
obtained for upper crustal rocks by Byerlee (1978). As viscous material we used
Polydimethylsiloxane (PDMS) with a density of 0.965 g·cm−3 and a viscosity value
in the Newtonian regime of 5·104 Pa·s (Weijemars, 1986). PDMS is considered to be
a good analogue material to model viscous flow of lower crustal rocks (Vendeville et
al., 1987). However it has its limitations as an analogue of the lower crust because its
density is lower than the overlying brittle material. In our experimental set-up the
PDMS is placed at the base of the model and distributes the imposed deformation
evenly over the entire width of the model and prevents the localization of deforma-
tion.
It is necessary to establish scale ratios between model and natural prototype (ex-
pressed by the superscript *). The length ratio of our experiments is L* = 2 · 10−6
(implying that 1 cm in the model represents 5 km in nature). The density ratio for
the quartz sand is ρ* = 0.6 ± 0.08 and for the corundum sand is ρ* = 0.73 ± 0.09,
assuming values for the upper crust that range between 2.3–3.0 g·cm−3. The experi-
ments were carried out under normal gravity, and g* = 1. The viscosity ratio is η* =
2.5 · 10−16 Pa·s considering a viscosity for the lower ductile crust of 2· 1020 Pa·s.
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The strain rate is different in each model but lies within the same order of magnitude
(10−6 s−1). Considering that the velocity ratio is V* = e˙* · L*, with e˙* the strain rate
and assuming natural strain rates between 10−15 and 10−13 s−1 (Pfiffner and Ram-
say, 1982). The applied velocities in the models are equivalent to ca. 30 mm/yr of
strain rates in nature, which is close to the GPS velocity values obtained by DeMets
et al. (2010), for the studied tectonic context. The experimental parameters are sum-
marized in Table 4.1.
4.2.5.2. Modeling of volcanic arc region within weaker continental crust
Active volcanic arcs have a high thermal gradient with the 300–400ºC isotherms,
which brings the brittle-ductile transition to a shallower level than in standard con-
tinental crust (Scholz, 2002). In case of the Taupo Volcanic Zone in New Zealand,
the brittle-ductile transition is at c. 6 to 10 km depth (Bryan et al., 1999), based on
seismicity data. Hasegawa et al. (2000) show that this depth is variable along the
volcanic arc in Japan with a maximum depth of 14 to 15 km and a minimum depth
of 10 km in the areas with active volcanoes. In the Mexican volcanic belt, Ortega-
Gutierrez et al. (2008) calculated a thermal gradient between 27 and 57 ºC km−1
implying a brittle crustal thickness varying between 15 to 7 km (using 400ºC). In El
Salvador, Canora et al. (2010) proposed a brittle crustal thickness of 10 km based
on seimotectonic analysis of the 13th February 2001 earthquake and its aftershock
sequence.
To test the influence of a broad zone of crustal thinning in possible association with
slab roll-back, we modeled a continuous area of thinned brittle crust with a concave-
to-the-north geometry similar to the shape of the Salvadorian volcanic arc (Figures
4.2.2 and 4.2.3a). The width of this area of 20 km is defined by the distance between
the Miocene and the Pleistocene-Holocene volcanic arc in El Salvador. This width is
modeled by a 4 cm wide strip of thinned brittle crust in the experiments. The thick-
ness of the brittle crust in the experiements is 2 cm in the thinned region and 2.5 in
the surrounding areas corresponding to 10 km and 12.5 km in nature respectively.
To test the influence of a thinned brittle crust in association with large magma cham-
bers, as proposed by Agostini et al. (2006), we modeled a discontinuous thinned
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brittle crust simulating three segmented zones of the volcanic arc, acting as weak-
ness zones (Figures 4.2.2b, c and 4.2.3b).
4.2.5.3. Experimental set up
The experimental apparatus consists of two base plates that can move laterally past
one another and two longitudinal side walls. Computer-driven servo-motors con-
trol the relative movements of the side walls and base plates. The initial dimension
of each model is 78.8 (length) x 23 (width) x 3 cm (height). The base and longitudi-
nal walls are made of carbon fiber and wood, respectively, whereas, the transverse
boundaries of the model are confined by elastic rubber sheets (Figure 4.2.3c-d).
To simulate extension and transtension we used a similar set up as the one used
by Schreurs and Colletta (1998). On top of the two base plates and between the
side walls we stacked thirty-five bars 5 cm high and 78.8 cm long; eighteen plexi-
glass bars each 0.5 cm wide alternating with seventeen foam bars each 1 cm wide.
Before constructing the model, the side walls were displaced compressing the bars
from 26 to 23 cm wide, the initial width of the model. By extending the longitudi-
nal sidewalls after the model has been constructed the foam bars decompress and
extensional strain is distributed across the entire model. The distributed strike-slip
component in transtension experiments is induced by moving one of the base plates,
resulting in lateral slip of each bar. Pure strike-slip experiments were done using
forty-six plexiglass bars each 0.5 cm wide, 5 cm high and 78.8 cm long between the
side walls of the apparatus. The movement of one of the base-plates induces lateral
slip between the plexiglass bars causing distributed strike-slip (Figure 4.2.3c-d).
The changes of thickness in the PDMS layer reflect the desired brittle crustal thick-
ness. A 0.5 cm to 1 cm thick layer of PDMS was placed over the foam and plexiglass
bars. The thicker areas of PDMS represent the thinner areas of the brittle layer, and
the location and shape of the weak zones, either continuous or discontinuous. The
PDMS layer distributes the imposed shear evenly over the entire model and avoids
localization of deformation above the discontinuities generated between adjacent
plexiglass bars. Directly on top of the PDMS layer we sieved two quartz sand layers
with an interbedded corundum sand layer, with a total maximum thickness of 2.5
cm (Figure 4.2.3).
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All experiments, except two (exp 335 and 338), were analyzed by X-ray computed
tomography (XRCT), a non-destructive technique that allows us to analyze in detail
the evolution of the 3D geometry of structures with time (Schreurs et al., 2003). In
addition, surface photographs were taken at regular time steps.
4.2.6. Model results
To test different geodynamical scenarios, we carried out experiments with the fol-
lowing kinematic constrains (Table 4.1): a) a single strike-slip phase; b) an exten-
sional phase followed by a strike-slip phase; c) a single transtensional phase (diver-
gence direction (β) approx. 22º,whith β = tan−1 (extension/shear); and d) an exten-
sional phase followed by a transtensional phase (divergence direction (β) approx.
22º). Each of these scenarios was tested for model runs with either a continuous or a
discontinuous weak zone. The weak zone represents an area where the viscous layer
is thicker and the overlying brittle layer thinner than in the rest of the model, hence
simulating a region of thinned brittle crust in nature. All experimental parameters
of the models are given in Table 4.1.
4.2.6.1. One phase of strike-slip
Experiments 435 and 438 (Figure 4.2.4) test whether pure dextral strike-slip can gen-
erate structures similar to those observed in the ESFZ.
EXPERIMENT 435 (Continuous weak zone. Figure 4.2.4a-d): During the early stages
of the experiment (γ = 0.06; Figure 4.2.4a), left-stepping, en-echelon dextral faults
form above the weak zone striking at 25º to 30º (all surface strikes are given with
respect to the longitudinal side walls). These faults correspond to synthetic Riedel
shears (R; see e.g. Naylor et al., 1986; Schreurs, 2003). In the region where the weak
zone strikes at higher angles (>10º) to the longitudinal sidewalls, R shears are longer
and relays are less clear. With progressive deformation, R shears in the left side of
the model link up to form a through-going fault zone (Figure 4.2.4b). In the region
where the weak zone is parallel to the longitudinal sidewalls individual, en echelon
R shears only develop after some deformation (γ = 0.13; Figure 4.2.4b). R shears and
95
Capítulo 4 Análisis Experimental
some splay faults (S; see Naylor et al., 1986) are still clearly visible at γ = 0.13 (Figure
4.2.4b). At a shear strain of γ = 0.22 new dextral shear faults striking at 10º to 15º link
up with previously formed faults (Figure 4.2.4c). A graben with faults striking at 20°
forms in the region where the thinned brittle crust changes its strike from 30º to 0º. In
the right side of the model new dextral faults striking at c. 0° offset and link earlier
formed dextral faults resulting in an anastomosing fault zone (L in Figure 4.2.4c-d).
During the late stages of the experiment, reverse faults and strike-slip faults form in
the acute corners of the model reflecting boundary effects.
EXPERIMENT 438 (Discontinuous weak zone. Figure 4.2.4e-h): In this experiment
the structure and its evolution are linked to the presence of the individual weak
zones. As in the previous experiment, the first faults to appear are R shears strik-
ing at 25° (Figure 4.2.4e) but they form in correspondence to discontinuous weak
zones. With increasing deformation (γ = 0.11), R shears link up resulting in two
well-developed dextral fault zones that form a restraining step-over with a pop-up
structure in the central part of the model (Figure 4.2.4g). Sinistral strike-slip faults
striking at 75° (antithetic R shears) form in the left side of the model and new dex-
tral faults form crosscutting and linking the pop-up structure. At advanced stages
of the experiment (γ = 0.35; Figure 4.2.4h) the push-up structure becomes inactive
and P and R shears offset the structure. Two grabens striking at 20° form on either
side of the pop-up structure. Sinistral strike-slip faults, corresponding to Rl’ shears
of Schreurs (2003), form in between overlapping dextral strike-slip fault zones. In the
lateral parts of the model reverse faults related to boundary effects are frequent.
4.2.6.2. Extension followed by strike-slip
Experiments 444 and 443 (Figure 4.2.5) are multi-phase experiments, consisting of a
pure extensional phase followed by a pure dextral strike-slip phase.
EXPERIMENT 444 (Continuous weak zone. Figure 4.2.5a-c. XRCT cross sections in
Supplementary Figure 1(SF.1)): During the extension phase an almost continuous
graben forms above the weak zone. The normal faults bounding the graben have a
dip of c. 70°. The graben forms first above the weak zone that strikes perpendicu-
lar to the extension direction. It propagates along strike curving into the weak zone
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striking at an angle. Small relays form during graben formation (Figure 4.2.5a, sup-
plementary video (SV) no. 1. This video consists of contiguous XRCT cross sections
taken from right to left.
During the second phase, normal faults are reactivated as dextral strike-slip faults.
In addition, new strike-slip faults striking at c. 0-10° form within the graben and link
up both sides of the graben. A right lateral strike-slip fault offsetting the graben is
generated in the left side of the model above the limit of the weak zone (fault N in
Figure 4.2.5b and c). There are some boundary effects near the acute corners of the
model (SV no.2).
EXPERIMENT 443 (Discontinuous weak zone. Figure 4.2.5d-g and XRCT cross sec-
tions in SF.2). During the extensional phase grabens form above the three weak zones
striking perpendicular to the extension direction. The grabens propagate along strike
away from the weak zones and overlap partially. Graben-bounding faults have dip
angles of 70º.
Similar to the previous experiment, graben-bounding faults are reactivated as pure
dextral strike-slip faults during the second phase of deformation. In the inter-segment
zones (diffuse deformation areas) new faults appear and link the grabens produced
during the first phase (Figure 4.2.5f). With increasing deformation, new dextral strike-
slip faults with complex geometries and striking at low angles form within grabens
or connect segmented grabens. Some of these strike-slip faults link oppositely dip-
ping graben-bounding faults and change their dip direction 180° along strike. (Fig
4.2.5f-g, SV no.3 (stage 1) and SV no.4 (stage 3)). The structural complexity of inter-
segment zones (the areas between thinned brittle crust) increases with increasing
strike-slip deformation. The inter-segment areas are characterized by fault relays and
complex faults with variable dip and dip direction (Fig. 4.2.5d-g and SF.2).
4.2.6.3. One phase of transtension
Experiments 445 and 446 (Figure 4.2.6) test whether one phase of dextral transten-
sion can explain the complex fault geometry of the ESFZ. The angle of divergence in
both experiments is 22°.
EXPERIMENT 446 (continuous weak zone. Figure 4.2.6 a-c and XRCT cross sections
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in SF.3): In early stages of dextral transtension, dextral strike-slip faults form above
the weak zone with a 30º to 40º trend in the left side, and a 10º to 20º trend in the
central-right side of the model. A series of antithetic strike-slip faults form in the
left side of the model. Also in the left side of the model, the early formed dextral
strike-slip faults acquire a component of normal slip leading to the development
of a graben (Figure 4.2.6a). With progressive deformation, this graben propagates
along strike and changes its strike direction mimicking the shape of the weak zone.
With increasing transtension, the graben becomes deeper and continuous all along
the weak zone. In the right side of the model, some strike-slip faults remain active.
A new 0° trending strike-slip fault forms at advanced stages of transtension (fault
N in Figure 4.2.6c, SF.3; SV no. 5). As the strain increases, boundary effects become
apparent in the acute corners of the model.
EXPERIMENT 445 (Discontinuous weak zone. Figure 4.2.6d-f and XRCT Scan cross
sections in SF.4): During the early stages of transtension, dextral strike-slip faults
form in the right side model. These faults acquire a normal-slip component with
continuing transtension, and they form graben. Major dextral strike-slip faults ap-
pear in the left side of the model and antithetic faults in the central-left side (Figure
4.2.6d-e). Dextral strike-slip faults dip at 85-90° and the graben-bounding faults at
70°. The graben and dextral strike-slip faults strike at 20°. There is an area of diffuse
deformation between the graben and the main fault of the left side of the model (be-
tween weak zones 2 and 3). In this area, an array of sinistral strike-slip faults form
(Rl’ of Schreurs, 2003). Their dip angle decreases from subvertical to 70º. In the mid-
dle of the model, the activity of the Rl’ shears stops, and the surrounding grabens
connect and crosscut these faults. In the left and right sides of the model, new Rl’
shears form that crosscut the graben. In the last stages of transtension (Figure 4.2.6f),
a well developed graben crosses the model, and 40-50° striking Rl’ shears appear and
offset the graben. Outside the main graben, Rl’ shears also form that accommodate
an important part of the transtension (SV no.6).
4.2.6.4. Extension followed by transtension
Experiments 447 and 448 (Figure 4.2.7) simulate a phase of extension followed by a
phase of transtension with a divergence angle of β = 22°.
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EXPERIMENT 447 (Continuous weak zone. Figure 4.2.7a-c. XRCT Scan cross sec-
tions in SF. 5): The initial phase of extension shows similar fault patterns to Exp. 444;
at the end of the extensional phase, an almost continuous graben has formed above
the weak zone (Figure 4.2.7a). The graben is slightly wider where the weak zone is
oriented perpendicular to the extension direction. Relay structures form in the region
where the orientation of the weak zone changes along strike.
During the transtensional phase (β = 22°) the graben-bounding faults are reacti-
vated and a graben forms with a dextral strike-slip component. The orientation of
the graben follows the geometry of the weak zone. Where the trand of the graben
changes along strike (lower left side of model), a 0º trending dextral strike-slip fault
extends from the graben to the left boundary of the model (fault N, in Figure 4.2.7b:
this fault could be a boundary effect). Between this fault and the graben, antithetic
strike-slip faults appear (as in Exp. 446, Figure 4.2.6c). In the right side of the mod-
el, the deformation is accommodated by dextral strike-slip faults striking -10º and
sinistral strike-slip faults striking 30º. The normal faults in the acute borders of the
model are the result of boundary effects (see also SV no.7 and SF.5).
EXPERIMENT 448 (Discontinuous weak zone. Figure 4.2.7d-g. XRCT Scan cross sec-
tions in SF.6): The initial phase of extension has similar fault patterns to in Exp. 443
(Figure 4.2.5e-g. During the early stages of deformation, grabens striking perpendic-
ular to the extension direction form above the weak zones. Graben-bounding faults
dip at 70º (Figure 4.2.7e, SV no. 8). With increasing extension, the grabens propagate
along strike and overlap with each other. The lateral termination of each graben and
step-overs are closely coincident with the lateral extension of the weak zones. Minor
faults near the longitudinal sidewall are a boundary effect.
The structures inherited from the extensional phase control to a large extent the for-
mation of the structures in the following transtensional phase. At the beginning of
the transtensional stage, new faults striking at 30° link the graben structures In the
inter-segment zones between the grabens pull-apart basins are formed. The strike-
slip component of the strain is accommodated inside the grabens where new strike-
slip faults link both boundary faults of each inherited graben. Graben subsidence
increases as the normal component of the grabens is still active (4.2.7f). As transten-
sion progresses (Figure 4.2.7g), new Rl’ shears appear striking at 30º to 40º and off-
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seting the grabens. At the same time, new dextral faults form with a trend parallel
to and linking up with existing grabens. With continuing transtension, these faults
propagate and acquire a dip-slip component resulting in the formation of grabens
(SV no.9).
4.2.7. Discussion
Our experiments were constructed to better understand the structural evolution of
the ESFZ. In particular, we have explored whether the structures of the ESFZ formed
during one phase (of either strike-slip or transtensional deformation), or whether the
structures in the ESFZ are better explained with a two-phase evolutional model, i.e.
an early phase of extension overprinted by a later phase of strike-slip or transtension.
We divide the discussion section into three parts: 1) Firstly, we summarize structural
aspects of strike-slip faulting and extensional-transtensional processes from our re-
sults and previous modelling studies; 2) Secondly, we compare our experimental
results with the local and regional structure of the ESFZ structure with the aim to
inform the structural evolution of the fault zone; and 3) Thirdly, we discuss the geo-
dynamical implications of our experimental studying the wider context of the plate
boundary.
4.2.7.1. Inferences on fault patterns and controls on the structure from analog
models
Models with a continuous weak zone (exps. 435, 444, 446 and 447). In models
with a continuous weak zone, faulting localizes predominantly above this zone. In
the single-phase strike-slip experiment (experiment 435), the fault pattern is domi-
nated by en echelon strike-slip faults. With increasing shear, these faults connect but
only limited graben formation occurs in the overlapping releasing segments. In the
other three models, i.e., the one-phase transtensional model and the two multiphase
models, a well-developed graben system forms. The curved shape of the weak zone
results in along-strike differences in fault evolution, graben subsidence, and width.
In the single-phase transtension experiment (experiment 446,β = 22°), graben forma-
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tion starts above the oblique part of the weak zone (left side of the model), where-
as strike-slip faults striking at low angles form initially above the remainder part
of the weak zone. With increasing transtension, grabens propagate laterally from
the oblique part until a through-going graben system forms. In both multiphase ex-
periments (experiments 444 and 447) and after the extensional phase, the graben is
narrower and shallower above the oblique part of the weak zone and wider and
deeper above the remaining part of the weak zone. The existing graben faults ac-
quire a strike-slip component during the second phase of deformation. In the case of
a strike-slip second phase (experiment 444), new strike-slip faults form mostly with-
in the existing graben as a result of local stress field modifications. It seems that the
main principal stress rotates anticlockwise and becomes more parallel to the strike
of the graben-bounding faults. In the case of a transtensional second phase (exper-
iments 447), the graben-bounding faults are preferentially reactivated, and there is
less intragraben faulting.
Models with a discontinuous weak zone (exp 438, 443, 445 and 448) The fault evo-
lution in models with a discontinuous weak zone is more complex than in models
with a continuous weak zone. During initial deformation, faults form first above the
discontinuous weak zones. In the single-phase experiments (experiments 438 and
445), dextral strike-slip faults initially form with strikes ranging between 25 and 30°
for the pure strike-slip experiment (experiment 438) and between 15° and 20° for the
transtension experiment (experiment 445). This difference in strike is clearly relat-
ed to the extensional component of deformation in the transtension experiment and
has also been documented by Schreurs [2003]. In contrast to the pure strike-slip ex-
periment (experiment 438), the strike-slip faults in the transtension experiments (ex-
periment 445) do acquire a dip-slip component with continuing deformation, which
ultimately results in a major graben structure striking at approximately 15°. In pure
strike-slip experiment (experiment 438), no graben structure forms, instead a pop-up
structure forms between two major restraining fault segments. In the multiphase ex-
periments (experiments 443 and 448), similar fault patterns appear by the end of the
initial extensional phase. Also, in both experiments, a series of partially overlapping
grabens strike perpendicular to the extension direction. The weak zones promote the
development of a clearly segmented graben system during the first extension phase,
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which conditions the development of complex fault systems with local extension at
the intersegment (intergraben) zones during the second phase of the model.
En echelon segmented intra-graben faults and strain partitioning Keep and Mc-
Clay [1997] and Bonini et al. [1997] modeled polyphase rifting consisting of an or-
thogonal extensional phase and a later transtensional phase, albeit with a different
experimental setup and without the presence of a weak zone. Both studies note that a
minor part of the strike slip and extensional component is accommodated by en ech-
elon faults formed during the oblique rifting stage. Keep and McClay [1997] showed
that the first rifting phase exerts a major control on the subsequent structures that
form during the second phase of transtensional deformation. Their experimental
study suggests that segmentation of boundary faults, segmented en echelon intra-
graben faults, and salients and embayments in boundary faults are structures indica-
tive of multiphase rifting. Corti et al. [2003] investigated the influence of a central
weak zone in polyphase rift experiments. Their studies suggest that en echelon pat-
terns during oblique rifting may be controlled by magma emplacements within the
main rift depression. En echelon faults inside graben systems also appear in several
of our experiments (experiments 444, 446, and 447; Figures 5–7). These en echelon
faults drive a process of strain partitioning during the second phase of deformation.
That is, when a branch of the graben is active, the opposite one is inactive, and the
en echelon intragraben faults transfer the strain from one branch to the other one.
The en echelon intragraben faults link the oppositely dipping faults of the graben
system changing their dip direction along strike. In experiments by Schreurs and
Colletta [1998], a similar phenomena can be observed in a transpressional regime. In
those experiments, oppositely dipping thrusts of early formed pop-up structures are
linked by strike-slip faults that change their dip direction along strike.
Inter-segment zones and pull-apart basins The first phase of the two multiphase
experiments with a discontinuous weak zone (443 with a strike-slip second phase
and 448 with a transtensional second phase) are identical (orthogonal extension),
resulting in a segmented graben parallel to the long sides of the sand box. The seg-
ments preferentially form above the weak zones. Deformation during the second
phase creates R shears and normal faults linking adjacent and partially overlapping
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grabens. Normal faults inherited from the first phase are reactivated as strike-slip
faults or oblique slip faults.
While in experiment 443 (strike-slip second phase; Figures 4.2.5d–4.2.5g), the graben
linkage during the second phase of strike-slip deformation is driven by R shears
(with 20°–30° angles to the model walls), the linkage is achieved by fault with larger
strikes (45–50°) in experiment 448 (transtensional second phase; Figures 4.2.7d–4.2.7g).
The differences in strikes of linking faults of pull-apart basins are consistent with the
studies done by Wu et al. [2009] on the influence of the transtensional angle dur-
ing the development of a pull-apart basin. Although the second deformation phase
in experiment 443 is pure strike slip, the partially overlapping grabens induce local
transtension in the releasing dextral step overs, with the graben-bounding normal
faults acting as strike-slip faults (Figure 4.2.8).
Figura 4.2.8: Detail of an intersegment zone of experiment 443. For location, see Fig-
ure 5g, dashed rectangle.
4.2.7.2. Comparison of experimental results with the El Salvador Fault Zone
We tried to reproduce some observations in the ESFZ in our analog models. The ES-
FZ is currently an almost pure strike-slip fault zone with minor transtension [Staller,
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2014; Canora et al., 2014]. Some of the main strike-slip faults of the ESFZ have asso-
ciated fault scarps up to 300 m high and dip angles of around 70°. Both observations
cannot be explained within the current strike-slip dominated tectonic context. Some
subtle graben structures have almost pure strike-slip faults bounding faults.
Our experimental results indicate that the experiment that best mimics the geome-
try of the ESFZ is experiment 443, with a discontinuous weak zone and a two-phase
tectonic evolution, extension followed by pure strike slip (Figures 4.2.5d–4.2.5g and
4.2.9). In this model, the initial orthogonal extension generates independent grabens
above the weak zones. During the second deformation phase (strike slip), the grabens
are reactivated as strike-slip faults, and intergraben regions display a more diffuse
deformation.
The fault pattern that forms in the early stages of phase 2 in experiment 443 (Figures
4.2.5f and 4.2.5g) is quite similar to the ESFZ fault pattern in a broad sense (Figure
4.2.9). However, there are also minor differences. The intersegment zones with local
transtension along the ESFZ display secondary faults that are suborthogonal to the
main segments and that were not reproduced in experiment 443. This could be due
to the fact that only the northern fault of the graben-like structures of the ESFZ is
being active and resulting in pull-apart basins. In contrast, during the second phase
of pure strike-slip deformation in our model, both bounding faults of the graben are
active, intragraben deformation develops, and the intersegment zones areas display
diffuse deformation with faults linking the grabens.
Although the other multiphase experiment 448 with a discontinuous weak zone al-
so reproduces first-order geometries observed in the ESFZ, it resembles the natural
geometries less than experiment 443. However, it is interesting to note that in ex-
periment 448 graben linkage occurs though normal faults that are suborthogonal
to the graben structures and that are controlled by the transtensional strain during
the second phase. In the ESFZ, some transtension could be present during the second
phase promoting the development of the suborthogonal secondary faults. According
to Wu et al. [2009], the geometry of pull-apart basins are controlled by the transten-
sion angle, and small differences in the transtensional component control linkage of
the main faults and hence the final geometry.
The multiphase experiment 444 with a continuous weak zone also shows first-order
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Figura 4.2.9: Comparison between experiment 443 (stage 3) and the ESFZ. Same ab-
breviations as in Figure4.2.2. Half arrows indicate the strike-slip movement of the
graben-bounding faults. Full arrows indicate local transtension located in the inter-
segment zones, both in the model and in the structural map.
geometric similarities to the ESFZ (Figure 4.2.5b). However, in contrast to nature,
a continuous graben is formed during the first extensional phase and intersegment
zones are lacking. In addition, no local transtension is observed in the experiment
during the second phase of pure strike slip.
By comparing models with a continuous and a discontinuous weak zone, we aimed
to assess whether the location of grabens and normal faulting features is related to
the presence of discontinuous weak zones. For example, Agostini et al. [2006] associ-
ated the presence of extensional features with the formation of pull-apart structures
in between weak zones. Agostini et al. [2006] interpreted the ESFZ as the result of
one phase of dextral strike-slip deformation in which three volcanic arc segments
(weak zones) determine the location of the main segments of the ESFZ. They sug-
gested that a major E-W dextral strike-slip fault developed over each volcanic arc
segment resulting in right-stepping strike-slip fault system. Pull-apart basins, with
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extensional features, are inferred to have formed between the releasing step overs of
the main segments (Figure 10a). Experiment 438 (discontinuous weak zone and one
phase of pure strike slip; Figures 4.2.4e–4.2.4h) was run to investigate the hypothe-
sis of Agostini et al. [2006]. Our results differ significantly from the model proposed
by Agostini et al. [2006]. In experiment 438 (Figures 4.2.4e–4.2.4h), two R shears ap-
pear with a push-up structure developing between them (Figure 4.2.10b). The fact
that the results of the experiment 438 differ from Agostini et al.’s [2006] conceptual
model may stem from the setup and the rheology of our experiments. This can be in-
ferred from comparisons with other analog models. For example, Corti et al. [2005b],
modeled magma intrusions during strike-slip experiments using a simple shear de-
formation apparatus. In their models strike-slip faults parallel to the shear direction
were formed. In experiments by Holohan et al. [2008] simulating caldera collapse in a
strike-slip tectonic regime, they note that prior to caldera collapse restraining struc-
tures are formed and that faults are not parallel to the displacement direction. We
suggest that the model setup used by Corti et al. [2005b] and Holohan et al. [2008],
together with the viscous material used to simulate ductile crust, controls the degree
of coupling with the basal plates and controls whether or not strike-slip faults form
parallel to the displacement direction. A weaker ductile crust together with a sim-
ple shear apparatus promote the development of segments over the discontinuities
and the development of pull-apart basins in the intersegment zones as proposed by
Agostini et al. [2006] (Figure 4.2.10a).
Stoiber and Carr [1973] and Agostini et al. [2006] highlight the existence of well-
developed volcanic segments in the ESFZ with monogenetic volcanoes in the inter-
segment areas. From the results of our experiments, we infer that the main faults of
the ESFZ are spatially associated with the volcanic segments of the CAVA in El Sal-
vador. Strain localized predominantly at the main volcanic segments of the CAVA
during the initial extensional deformation phase. At the intersegment areas (exten-
sional step overs), strong local extension occurs after this first extensional stage. Lo-
cal extension at intersegment areas can promote magma transport from the source
toward the surface through the extensional structures, which explains the presence
of monogenetic volcanism [van Wyk de Vries, 1993; Le Corvec et al., 2013] (Figures
4.2.10c and 4.2.11c).
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A
B
C
Agostini's et al. (2006) proposal. Pure strike-slip
Pure strike-slip. Control experiment. (Exp.438)
Extension + Pure strike-slip. (Exp.443)
Figura 4.2.10: Deformation models: (a) Model proposed by Agostini et al. [2006] for
ESFZ based on geological data and assuming one phase of pure strike slip. Areas
of thinned brittle crust (green areas) control the location of strike-slip deformation.
Areas in between strike-slip segments are pull aparts (extension). (b) Single-phase
pure strike-slip experiment 435, with discontinuous weak zone combined with pure
strike slip. Note that this experiment aims to replicate Agostini et al.’s [2006] con-
ceptual model but does not succeed in replicating it. (c) Multiphase experiment 443
with a discontinuous thinned brittle crust undergoing extension followed by pure
strike slip. This experiment explains the presence of segmented grabens [Canora et
al., 2014], the strike-slip reactivation of graben faults, and the presence of pull-apart
structures in between thinned crustal areas.
4.2.7.3. Tectonic evolution of the ESFZ and the western limit of the Chortis Block
Here we present a scenario for the recent tectonic evolution of the ESFZ and compare
to adjacent faults systems in Nicaragua and Guatemala. We discuss the kinematics of
the fault systems along the CAVA within the context of the plate boundary between
the Cocos and Caribbean plates as inferred from our experiments and previous stud-
ies.
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Recent dynamic models and GPS velocity measurements indicate that the strike-slip
regime along the CAVA is driven by the relative eastward migration of the Caribbean
plate relative to North American Plate [Álvarez-Gómez et al., 2008; Correa-Mora et
al., 2009; Franco et al., 2012]. In El Salvador, decoupling of the subduction interface
between the Cocos plate and the Chortis Block of the Caribbean [Lyon-Caen et al.,
2006; Álvarez-Gómez et al., 2008] and slab rollback are present and are possibly re-
lated to a decrease in the opening rate of the East Pacific Rise during upper Pliocene
to Pleistocene as described by Jarrard [1986].
The subduction of the Cocos plate beneath the Chortis Block could have conditioned
the location, size, and shape of weak zones. Mantle and crustal melt in association
with the subducting slab can produce discontinuous emplacement of magma cham-
bers or localized areas of partial melt (weak zones) along the volcanic arc.
It is difficult to reconstruct the temporal evolution of slab rollback of the Cocos plate
beneath and along the CAVA, because of the lack of precise age data of volcanic
activity. The paleovolcanic arc in El Salvador consists mainly of Miocene lavas of
the Balsamo Formation [Bosse et al., 1978], with ages of 7.2–6.1 Ma (K-Ar data [Lexa
et al., 2011]). The oldest volcanic rocks within the active volcanic front are the ones
of the Cuscatlan Formation with K-Ar ages of 1.9–0.8 Ma [Lexa et al., 2011]. Hence,
the rollback process could have taken place in Miocene to Pliocene times, which is
between ~7.2–6.1 Ma and 1.9–0.8 Ma.
From the results of our experiments, we broadly distinguished two faulting styles
that can be correlated with structures found in the Nicaraguan Depression and the
ESFZ. The multiphase experiments 444 and 447 with continuous crustal thinning
produce an almost continuous graben with inner strike-slip faults. The inner strike
slip faults are generated during the second phase of strike slip or transtensional de-
formation and could be an analog for the structures found in the Nicaraguan De-
pression. Multiphase experiments with a discontinuous weak zone (in particular ex-
periment 443) reproduce better the diffuse and complex deformation of the ESFZ.
Along the CAVA we distinguish three faulting styles from Guatemala, via El Sal-
vador to Nicaragua in association with a decreasing influence of the rollback process
from west to east. On the western part of Nicaragua, the current deformation is in-
side a well-developed semigraben filled with sediments and Quaternary ignimbrites
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that bury large number of the structures [van Wyk de Vries, 1993] (the Nicaraguan
Depression). In El Salvador, the faults are not restricted to one main graben but de-
formation is distributed over a wide fault zone. In El Salvador, areas of discrete de-
formation (well-developed fault segments) alternate with areas of diffuse deforma-
tion (intersegment zones). In Guatemala, the deformation along the CAVA is concen-
trated along a discrete fault zone, the strike-slip Jalpatagua Fault [Muehlberger and
Ritchie, 1975] where extension is minor.
The crustal extension and the seaward migration of the volcanic front would result
in thinning and heating of the upper crust. This process seems to have been more
pronounced in Nicaragua than in El Salvador, as expressed by the well-developed
graben structure in the Nicaraguan Depression compared to the less developed graben
structure in El Salvador. The independent magma chambers described by Agostini
et al. [2006] for El Salvador can be explained by irregular crustal thinning along the
volcanic arc. Slab rollback in association with irregular crustal thinning could have
produced smaller graben structures in El Salvador as suggested by Canora et al.
[2014]. For this reason, we think that the independent magma chambers described
in Agostini et al. [2006] could be related to an irregular crustal thinning along the
volcanic arc.
The dip of the Wadati-Benioff Zone increases from Guatemala toward Nicaragua
[Álvarez-Gómez, 2009; Funk et al., 2009]. This can be associated with to an increase in
the subducting slab rollback beneath the Chortis Block from Guatemala to Nicaragua.
An increasing slab rollback from northwest to southeast would explain not only the
increase in the dip of the Wadatti-Benioff Zone but also the differences in the fault-
ing style along the CAVA, and the trenchward migration of the volcanic arc in El
Salvador and Nicaragua.
4.2.8. Conclusions
Our experimental approach allows us to clarify some observations made in the ESFZ,
such as the presence of extensional structures in the current pure strike-slip regime,
the dip angle of the main faults, the seaward migration of the volcanic arc, and the
segmentation of the fault zone. Based on the experiments and the discussion present-
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ed above, we conclude that the ESFZ is not a neoformed fault zone, but the result of a
two-phase structural evolution similar to that proposed by Canora et al. [2014] based
on geological observations.
Experiments with a discontinuous weak zone, representing a weaker crust, and a
two-phase evolution consisting of an initial extensional phase followed by a strike-
slip phase, best explains the present-day structures observed in the ESFZ. In partic-
ular, this model explains the presence of dip-slip fault scarps and stepping graben
structures that formed during the extensional phase and the subsequent reactiva-
tion of those structures as pure strike-slip faults. The location of areas of partial melt
within the volcanic arc (represented by the discontinuous weak zone in the experi-
mental models) controls the segmentation of the ESFZ. During the extensional phase,
the grabens formed above the areas of thinned (weak) crust. During the subsequent
predominantly strike-slip phase, the grabens faults are reactivated and intersegment
zones (areas between grabens) are developed.
The initial extensional phase can be correlated to slab rollback of the Cocos plate
beneath the Chortis Block. The volcanic ages in El Salvador allow us to infer that
the rollback process occurred between 7.2–6.1 Ma and 1.9–0.8 Ma (ages from Bosse
et al. [1968] and Lexa et al. [2011]). Mantle and crustal melt in association with the
subducting slab produced discontinuous emplacement of magma chambers, or lo-
calized areas of partial melt, along the volcanic arc. These areas of thinned brittle
crust control the formation of grabens along the CAVA in El Salvador. Once rollback
stopped, the initial extensional structures were reactivated as major strike-slip faults
during the second phase (from 1.9–0.8 Ma to the present), a phase characterized by
a predominant strike-slip regime. During the second phase, the intersegment zones
undergo distributed deformation and local transtension and releasing bends and
pull-apart basins formed (Figure 4.2.11).
The experiments undertaken with a continuous crustal thinning do not reproduce
structures similar to the ESFZ. However, those models present a structural style clos-
er to the structures in the Nicaraguan Depression. The more pronounced develop-
ment of graben structures in Nicaragua could be a consequence of a more intense ex-
tensional phase in Nicaragua than in El Salvador. According to the structures present
along the CAVA from Guatemala to Nicaragua and the dip of the Wadati-Benioff
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Zone, we propose that the rollback beneath the Chortis Block had less influence on
the kinematics of Guatemala and an increased influence eastward toward Nicaragua.
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4.3. Supplementary
Supporting material for the paper entitled “Neotectonic development of the El
Salvador Fault Zone and implications for deformation in the Central America
Volcanic Arc. Insights from 4D analogue modeling experiments.”
The supplementary material consists of additional figures that extend the information given in the paper with
cross-sections and volumes of the analogue models acquired with the CT Scan analysis, and nine supplementary
videos.
The supplementary videos are continuous cross-sections of every experiment analyzed with the CT Scan. The
following table explain details of each video. A detailed description is present in the results chapter of the text.
Videos available at: http://onlinelibrary.wiley.com/doi/10.1002/2014TC003723/abstract
SV. No. Exp. No. Figure Shear Extension Kind of weak zone
1 444 4.2.5a-b 0 3.5 % Continuous
2 444 4.2.5c-d 0.21 3.5 % Continuous
3 443 4.2.5a 0 2.4 % Discontinuous
4 443 4.2.5e-f 0.18 2.4 % Discontinuous
5 446 4.2.6e-f 0.24 9.6 % Continuous
6 445 4.2.6c-d 0.11 4.6 % Discontinuous
7 447 4.2.8c-d 0.16 10.4 % Continuous
8 448 4.2.8a-b 0 2.6 % Discontinuous
9 448 4.2.8e-f 0.10 6.1 % Discontinuous
Cuadro 4.2: Supporting video details
Exp.No. Kind of WZ Kind of kinematic Ext. (mm) Shear (mm) Max. Shear strain
444 Cont. Ext. + Strike-slip 8 51 0.21
443 Discont. Ext. + Strike-slip 5.5 70 0.30
446 Cont. Transtension 22 54 0.21
445 Discont. Transtension 22 54 0.21
447 Cont. Ext. + Trans. 28 49 0.19
448 Discont. Ext. + Trans. 26 49 0.19
Cuadro 4.3: Main parameters of the experiments. WZ: Weak Zone
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Figura 4.3.1: Experiment 444 - extension followed by pure strike-slip. Model with
a continuous weak zone. Vertical sections and perspective views constructed from
XRCT data.
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Figura 4.3.2: Experiment 443 - extension followed by pure strike-slip. Model with a
discontinuous weak zone. Vertical sections and perspective view constructed from
XRCT data. Dashed rectangle show the location of the detail in Figure 8.
126
Capítulo 4 Análisis Experimental
Figura 4.3.3: Experiment 446 - transtension. Model with a continuous weak zone.
Vertical sections and perspective views constructed from XRCT data.
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Figura 4.3.4: Experiment 445 - transtension. Model with a discontinuous weak zone.
Vertical sections and perspective views constructed from XRCT data.
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Figura 4.3.5: Experiment 447 - Extension followed by transtension. Model with a
continuous weak zone. Vertical sections and perspective views from XRCT data.
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Figura 4.3.6: Experiment 448 - Extension followed by transtension. Model with a
discontinuous weak zone. Vertical sections and perspective views constructed from
XRCT data.
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Análisis estructural
En este capítulo hacemos un análisis de la deformación a partir de datos de desliza-
miento en fallas medidas en todo El Salvador. La integración de los elipsoides de de-
formación obtenidos junto con los resultados de los capítulos 3 y 4 nos ha permitido
proponer un modelo de evolución en el Neógeno para el arco volcánico centroame-
ricano.
El cuerpo principal del capítulo es el artículo:
“Alonso-Henar, J., Álvarez-Gómez J.A., Martínez-Díaz, J.J. (2015). Neogene-Quaternary
evolution from transpressional to transtensional tectonics in the Central America Volcanic
Arc controlled by Cocos – Caribbean subduction coupling change. Submitted to Lithosphere
(under review) ”.
5.1. Disertación sobre el tratamiento de datos estructurales
y el análisis poblacional
5.1.1. Métodos de inversión de esfuerzos
Son numerosos los estudios de paleoesfuerzos y artículos de revisión de esta metodología
tan utilizada en geología estructural. Esta metodología hace una serie de asunciones
para aplicar los métodos de cálculo. Desde Angelier (1975) se asume que:
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i) El cuerpo de roca analizado es físicamente homogéneo e isótropo. Si está
fracturado previamente también se le considera mecánicamente isótropo,
es decir, que la orientación de los planos en los cuales se acumula el
deslizamiento es aleatoria.
ii) La roca se comporta como un material reológicamente lineal.
iii) Los desplazamientos sobre el plano de falla son pequeños con respecto a
sus tamaños, es decir, las medidas llevadas a cabo en fallas no conectadas
de pequeña escala muestran poco desplazamiento, y por lo tanto están
asociadas a muy poca deformación del volumen de roca, además no hay
deformación dúctil que rote los planos de falla.
iv) El volumen de roca global a partir del cual se extraen los datos para la
inversión de esfuerzos es grande comparado con la escala de los planos
de discontinuidad, y para un evento de fracturación concreto, el tensor
de esfuerzos es homogéneo en este volumen. Es decir, el tensor de es-
fuerzos remoto es espacialmente uniforme dentro de la masa rocosa que
contiene las fallas relacionadas con este evento y es temporalmente cons-
tante durante el evento de fracturación. Por lo tanto, cada deslizamiento
en un plano de falla refleja las características de un tensor de esfuerzos
homogéneo. Esta asunción implica que, aunque la deformación puede
ser descrita como deslizamientos individuales en diferentes planos de
cizalla, el esfuerzo global puede ser inferido solo si las discontinuidades
locales integran un volumen homogéneo de deformación continua (Twiss
and Unruh, 1998). En el caso de datos polifásicos, una vez se han busca-
do subconjuntos que son compatibles con fase tectónicas superpuestas,
los tensores de esfuerzo se asumen homogéneos para cada episodio de
deformación.
v) El deslizamiento responsable de los lineamientos en los planos de falla
ocurre en cada plano en la dirección y sentido del máximo esfuerzo re-
suelto sobre el plano de falla (principio de Wallace, 1951 -Bott, 1959) esto
significa que la orientación de los deslizamientos en los planos de falla
son independientes unos de otros.
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El principio básico para la obtención de paleoesfuerzos consiste en encontrar el mejor
ajuste entre las direcciones y sentidos de deslizamiento en los planos de falla y di-
recciones y sentido de deslizamiento predichos para un tensor determinado sobre
los planos de falla medidos. La calidad numérica de los resultados se obtendrá mi-
diendo el ángulo entre la estría medida y la orientación sobre el plano del esfuerzo
máximo de cizalla predicho más cercano a ella. Los resultados son la inmersión y
sentido de la inmersión de los ejes principales de esfuerzo (σ1≥σ2≥σ3) y un ratio de
las diferentes magnitudes de los esfuerzos que constriñe la forma de elipsoide (φ).
φ =
(σ2 − σ3)
(σ1 − σ3) → 0≤φ≤1 (5.1.1)
El procedimiento para separar diferentes datos de diferentes episodios superpuestos
se basa en combinar tanto compatibilidades mecánicas como cinemáticas así como
estrías superpuestas en los planos de falla y relaciones de corte.
Pero hay una serie de objeciones teóricas a los métodos de inversión de esfuerzos
que han sido expuestas numerosas veces en la bibliografía, varias de esas objeciones
se pueden resumir en ciertas preguntas clave (p.e. Twiss y Unruh, 1998; Gapais et al.,
2000; Lisle, 2013; Célérier, 1988; Célérier et al., 2012; Hansen, 2013). Estas preguntas
hacen que tomemos con precaución los resultados obtenidos en este estudio.
A - ¿se usa la inversión de esfuerzos adecuadamente en la práctica?
El problema yace en el uso de programas tipo “caja negra”, en los cuales simple-
mente con datos medidos rápidamente se obtiene un resultado de orientaciones que
no debe ser tomado como algo representativo. Hay que ser cuidadoso a la hora de
separar varias fases de deformación y separar subconjuntos.
B -¿de verdad obtenemos paleoesfuerzos cuando usamos los métodos de inversión?
Los métodos de inversión a partir de datos de desplazamiento en fallas aportan di-
rectamente la orientación de los principales ejes de deformación (Twiss y Unruh,
1998), el tensor de esfuerzos se relaciona fácilmente con el tensor de deformación
como una relación consecutiva. Una de las principales críticas de muchos autores
es que los datos de deslizamientos en fallas son datos de desplazamiento y que la
población de resultados de muchos desplazamientos pequeños en fallas con orienta-
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ciones variables integradas en una gran escala es solo un incremento en la deforma-
ción continua global en el volumen, que se describe mejor como el resultado de un
flujo cataclástico (Twiss y Unruh, 1998).
La interpretación de los esfuerzos y la interpretación cinemática de la inversión de
los datos de deslizamientos de falla son equivalentes solo si las direcciones del má-
ximo esfuerzo de cizalla y la máxima deformación de cizalla para un plano dado son
paralelas, lo que requiere que el medio sea isótropo (los principales ejes de esfuerzo
son paralelos a los ejes de deformación).
Desde un punto de vista teórico los esfuerzos pueden no tener la misma orientación
ni magnitud dentro y fuera de la zona de falla. La linealidad e isotropía del com-
portamiento elástico fuera de la zona de falla no debe ser usado como justificación
para inferir el esfuerzo a partir de datos de desplazamiento en una zona de falla
(Célérier, 1988). Los esfuerzos dentro de una zona de falla están probablemente rela-
cionados con la deformación de una forma no lineal y anisótropa. Si esto es cierto,
los esfuerzos no pueden ser determinados adecuadamente a partir de la inversión
de deslizamientos de falla. Por lo que el grado de inexactitud dependería del grado
de anisotropía y de no linealidad del medio.
Las zonas de falla muestran a menudo deformación concentrada y compleja (Byerlee
y Savage, 1992; Gudmundsson et al., 2010), por lo que las asunciones que se hacen
para inferir paleoesfuerzos no deberían aplicarse a ellas. Según Gudmundsson et
al. (2010) las magnitudes y direcciones de los esfuerzos dentro de una zona de falla
difieren notablemente de los esfuerzos externos, y para una zona de daño mecáni-
camente laminada hay cambios abruptos en los esfuerzos entre el núcleo y la zona
de daño pero también en subzonas dentro de la zona de daño. La deformación no
coaxial en zonas de falla está muy a menudo relacionada con anisotropías reológicas
o mecánicas y con desplazamientos importantes (Dewey et al., 1998). En estos con-
textos, los principales ejes de deformación infinitesimal no son paralelos a los ejes de
deformación finita. Los desplazamientos tampoco son paralelos a los ejes de esfuer-
zos ni a los ejes de deformación y el campo de esfuerzos es muy inhomogéneo tanto
en orientación como en magnitud (Célérier et al., 2012).
Los trabajos de Pollard et al. (1993) y Dupin et al. (1993) abordan la cuestión de có-
mo fallas locales y discontinuidades desvían realmente el campo de esfuerzos de su
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trayectoria ideal, resolviendo que para la mayoría de los casos las asunciones que se
hacen para el cálculo de paleoesfuerzos son válidas. Sin embargo, Kaven et al. (2011)
concluyen, tras discutir en su artículo las asunciones básicas de esta metodología,
que cuando los métodos de inversión de esfuerzos son aplicados a fallas aisladas o
sistemas de fallas con rangos limitados de orientaciones, generalmente los campos
de esfuerzos lejanos se definen muy pobremente.
Además, para estudios neotectónicos y comparaciones con datos de esfuerzos ac-
tivos en la corteza Lacombe (2012) concluye que los métodos de determinación de
paleoesfuerzos y de esfuerzos contemporaneos pueden diferir, no en la definición
física sino en los conceptos mecánicos. Los esfuerzos medidos in situ reflejan estados
de esfuerzos corticales instantáneos, mientras que la reconstrucción de paleoesfuer-
zos representan estados de esfuerzos para un determinado periodo de deformación,
relacionado con un evento tectónico. Desde un punto de vista mecánico, las pertur-
baciones de esfuerzos relacionadas con la cinemática de las fallas combinadas con
modelos mecánicos, nos deberían ayudar a reconstruir el comportamiento reológico
de la corteza a escala de decenas de millones de años.
Debido a este tipo de controversias se asumen diferentes hipótesis a la hora de hacer
un análisis de inversión de deslizamientos de falla. Las hipótesis son las que siguen:
a) La hipótesis de los esfuerzos: que asume que la dirección del desliza-
miento en un plano dado es la dirección del esfuerzo máximo de cizalla
resuelto sobre ese plano de un tensor de esfuerzo homogéneo a gran es-
cala (principio de Wallace, 1951 - Bott, 1959, aplicado por Angelier, 1994,
Michael, 1984,1987).
b) La hipótesis cinemática: que asume que la dirección del deslizamiento
en un plano dado es paralela a la dirección del máximo ratio de cizalla
de un tensor de deformación homogéneo a gran escala y modificado por
rotaciones de bloques rígidos (Twiss et al., 1991, 1993).
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5.1.2. Problemas para la aplicación de la hipótesis de los esfuerzos
en el Salvador
Uno de los principales problemas para aplicar la hipótesis de los esfuerzos en El Sal-
vador es que probablemente la relación esfuerzo-deformación no es coaxial debido a
la complejidad de la estructura y a posibles anisotropías mecánicas relacionadas con
el arco volcánico que la envuelve. Además tenemos datos polifásicos, por lo que la
fracturación de una fase podría estar afectando a las fases subsecuentes. Pensamos
que una etapa de deformación inicial, inferida a partir de los estudios morfotectóni-
cos y experimentales (Capítulos 3 y 4), genera fallas que absorben la deformación ac-
tual, por lo que no tenemos un campo isótropo y homogéneo, sino que hay grandes
anisotropías.
La asunción V del apartado 5.1.1 para la obtención de paleoesfuerzos: “El desliza-
miento responsable de los lineamientos en los planos de falla ocurre en cada plano
en la dirección y sentido del máximo esfuerzo resuelto sobre el plano de falla” (prin-
cipio de Wallace, 1951 - Bott, 1959); implica que la orientación de los deslizamientos
en los planos de falla son independientes unos de otros. Si esto ocurre en El Salvador,
y en base a estudios previos que dicen que las principales fallas de El Salvador tienen
buzamientos altos, los resultados de esfuerzos estarían muy condicionados por los
datos de partida (este punto se trata en detalle en el apartado 5.3.6.1 de este capítulo).
Atendiendo a la figura 5.1.1, donde se representa la estría de falla resuelta sobre un
plano de falla con buzamientos de 90º, 70º y 50º orientado E-W (cuadrantes compre-
sivos en negro, verde y azul respectivamente, cabeceos en el eje vertical), para los
tensores representados en la parte alta de cada mecanismo focal (siendo θ1 el ángulo
que forma la máxima compresión con una linea horizontal perpendicular a la direc-
ción del plano de falla), se puede observar como la sensibilidad a las variaciones de
orientación de un tensor de esfuerzos determinado es inversamente proporcional al
buzamiento del plano de falla. Para fallas con buzamientos de 90º la estría resuelta
tiene cabeceos constantes salvo cuando el tensor es ortogonal al plano. A medida que
disminuye el buzamiento del plano de falla las sensibilidad a las rotaciones es mayor
(mecanismos focales verdes y azules). Así mismo, en régimen de esfuerzo transpre-
sivo (φ = 0.3) la sensibilidad es menor aún que en régimen de esfuerzo transtensivo
(φ = 0.7), es decir, para la misma orientación de los ejes principales de esfuerzos, las
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diferencias entre los cabeceos resultantes en función del buzamiento del plano de fa-
lla son mayores en régimen transtensivo (φ = 0.7) que en transpresivo (φ = 0.3); y para
un mismo plano de falla, la variación del cabeceo de la estría resuelta sobre el plano
es mayor en régimen transtensivo (curvas de tendencia laxas) que en transpresivo
(curvas de tendencia abruptas). Esto tiene implicaciones directas sobre los métodos
de inversión de esfuerzos y su aplicación en El Salvador, ya que los resultados del
procesado de medidas en planos reactivados tendrán gran error pudiendo no reflejar
rotaciones de más de 30º-40º en el tensor.
Los datos usados en el análisis tienen buzamientos altos y muchos de ellos pueden
ser planos reactivados. En el artículo que presentamos como cuerpo de este capí-
tulo se discute detalladamente la incertidumbre inherente a los datos de partida.
Esto, unido a que algunas de las asunciones para la obtención de paleoesfuerzos no
pueden ser aplicadas en El Salvador, hacen que apliquemos un estudio cinemático
en lugar de dinámico y que obtengamos los principales ejes de deformación, así co-
mo elipsoides con el fin de inferir la evolución neógena de la deformación en el arco
volcánico.
5.1.3. Obtención de elipsoides de deformación en régimen frágil
El inferir deformaciones en régimen frágil se consigue aplicando la idea de una me-
dida continua de la deformación en una área en la cuál la deformación se distribuye
en deslizamientos discontinuos en un conjunto de planos discretos (Twiss y Moores,
2007). Por lo tanto, la suma de las deformaciones que aporta cada desplazamiento en
un plano de falla sobre un volumen será considerada el elipsoide de deformación.
La determinación de un elipsoide de deformación finita mediante inversión de datos
de deslizamiento en fallas es un proceso complejo, que requiere contar con datos de
magnitud del desplazamiento y de área para cada superficie de falla. La toma de
datos en campo idealmente debería incluir datos de orientación del plano de falla,
sentido de deslizamiento, desplazamiento medio y el área de la superficie de la fa-
lla, datos en muchos casos imposibles de conseguir, por lo que la inversión de de
datos de deslizamiento podría indicarnos la orientación de los principales ejes de
deformación incremental promedio (Marrett y Allmendinger, 1990). Twiss y Unruh
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(1998), aluden al concepto de tensor de la tasa de deformación. Puntualizan que en
la práctica los datos medidos en realidad sólo aportan información sobre pequeños
incrementos en la deformación y no incluyen ninguna escala de tiempo absoluta;
por lo tanto, el tensor de la tasa de deformación no es más que un incremento in-
finitesimal de deformación dividido por el incremento infinitesimal de tiempo en el
cual se acumula. Debido a que el tiempo es una variable escalar las orientaciones
de los ejes de los tensores son idénticas teniendo en cuenta o no este parámetro.
Por lo tanto, la medida de estrías de falla aporta parte de la información necesaria
para construir un elipsoide de deformación. Las lineaciones son paralelas a la direc-
ción del deslizamiento sobre los planos de falla. El incremento de las deformaciones
aportado en cada deslizamiento es pequeño comparado con el volumen de roca es-
tudiado y normalmente se le denomina deformación instantánea (Twiss y Moores,
2007). La inversión de los datos de los planos de cizalla medidos y las orientaciones
del deslizamiento pueden ser usadas para calcular los ejes principales del elipsoide
de deformación. Para ello hace falta asumir que la dirección del deslizamiento so-
bre cada plano de cizalla tiene la orientación de la máxima deformación por cizalla
resuelta sobre el plano.
De este modo podemos obtener la orientación de los principales ejes de deformación,
pero no la forma del elipsoide. Para ello debemos recurrir a la idea del patrón de las
orientaciones de los deslizamientos sobre el plano de falla. El análisis poblacional
está limitado ya que no conocemos los saltos reales en cada plano de falla, pero si
conocemos su orientación. La orientación de la máxima deformación por cizalla so-
bre un plano depende tanto de la orientación de los ejes como de su tamaño relativo.
Una vez determinados los principales ejes de deformación, variamos de forma iter-
ativa la relación que hay entre ellos para reproducir lineaciones sintéticas sobre los
planos medidos. De este modo, cuando la suma de las diferencias entre el ángulo de
las lineaciones sintéticas y el ángulo medido es la menor, consideramos esta solución
la más realista y que reproduce de mejor manera el elipsoide en una región dada.
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5.2. Deformación en ambientes tectónicos oblicuos
Consideramos importante una introducción teórica para hacer una interpretación
correcta de los resultados que arroja este estudio, entender la deformación conjunta
entre cizalla simple y cizalla pura y el significado de las orientaciones de los ejes de
deformación en el espacio.
Como aproximación preliminar es común hablar de cizalla pura o simple como régi-
men de deformación predominante en una región. Sin embargo, es mucho más habi-
tual que las estructuras sean respuesta de un régimen de deformación más complejo
que sea resultado de la combinación de ambos tipos de cizalla, y que la existencia de
desgarres puros o fallas inversas o normales puras sean el resultado de un efecto de
partición de la deformación.
5.2.1. Propiedades de la transpresión y la transtensión
Los vectores de movimiento relativo de bloques y la orientación de las márgenes
son los condicionantes principales del tipo de deformación litosférica. Dewey et al.
(1998), consideran que los términos de convergencia o divergencia oblicua deberían
ser usados para indicar el movimiento relativo de los bordes de bloques. Los tér-
minos de transpresión y transtensión deberían estar restringidos a la combinación
de deformaciones no coaxiales y coaxiales. Por lo que transpresión y transtensión
podría ser definido como: “deformaciones de desgarre que se desvían de la cizalla simple
debido a una componente de, respectivamente, acortamiento o extensión ortogonal a la zona
de deformación” (Dewey et al., 1998).
Los patrones de deformación oblicua se han definido usando tanto deformación fini-
ta como en incremento (e.g. Sanderson y Marchini, 1984; Fossen y Tikoff, 1993; Tikoff
y Teyssier, 1994; Fernandez y Díaz-Azpiroz, 2009), (Figura 5.2.1).
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Figura 5.2.1: Ejemplos de modelos de deformación oblicua
5.2.2. La matriz de deformación tridimensional aplicada a transpre-
sión y transtensión
La combinación simultánea de las matrices de tres sistemas ortogonales de defor-
mación por cizalla simple y un sistema de deformación por cizalla pura con o sin
cambio de volumen cubre gran cantidad de deformaciones realistas en la corteza y
pueden ser explicadas con la matriz:
D =
 k1 Γ12 Γ130 k2 Γ23
0 0 k3
 (5.2.1)
donde k1, k2 y k3 representan la extensión o contracción a lo largo de los ejes de
coordenadas x1, x2 y x3. Si k1· k2 · k3 6=1 implica cambio volumétrico (Fossen y
Tikoff, 1993). Los términos fuera de la diagonal (Γij) representan los elementos de la
deformación por cizalla. En el marco de coordenadas del ejemplo, Γ12 representa la
cizalla en la dirección x1; Γ13y Γ23 son las representaciones del empuje en sentido x1
y x2 respectivamente (Figura 5.2.2).
Las componentes de la deformación involucradas se pueden expresar por sus matri-
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Figura 5.2.2: Deformaciones tenidas en cuenta en la matriz de deformación tridimen-
sional. Ecuación 5.2.1. Figura modificada de Fossen y Tikoff, (1993).
ces de deformación individuales, donde γ es la deformación por cizalla:
a = cizalla pura ± cambio volumétrico,
a =
 k1 0 00 k2 0
0 0 k3
 (5.2.2)
b = cizalla simple en la dirección x1,
b =
 1 γw 00 1 0
0 0 1
 (5.2.3)
c = cizalla simple según el plano subhorizontal x1 x2 en la dirección x1,
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c =
 1 0 γT10 1 0
0 0 1
 (5.2.4)
d = cizalla simple según el plano subhorizontal x1 x2 en la dirección x2.
d =
 1 0 00 1 γT2
0 0 1
 (5.2.5)
La combinación simultanea de estas deformaciones resulta en la matriz de deforma-
ción de la ecuación 5.2.1, donde, según Tikoff y Fossen, (1993):
Γ12 =
γw(k1 − k2)
ln(k1/k2)
(5.2.6)
Γ13 =
γT1(k1 − k3)
ln(k1/k3)
+
γT2γw(k1 − k2)
ln(k1/k2)ln(k2/k3)
+
γT2γw(k3 − k1)
ln(k2/k3)ln(k1/k3)
(5.2.7)
Γ23 =
γT2(k2 − k3)
ln(k2/k3)
(5.2.8)
Incluyendo estos parámetros (los elementos de la deformación por cizalla) en la ma-
triz 5.2.1, se obtiene toda la información acerca de la deformación, como puede ser la
orientación, la magnitud y las rotaciones de los principales ejes de deformación. Por
tanto, las aplicaciones de la la matriz 5.2.1 son numerosas, ya que se pueden obten-
er los flujos de deformación en tres dimensiones. Ya que el empuje no simplemente
puede estar aplicado en el sentido x1 y x2, ni la cizalla restringida a x1, han apare-
cido numerosos modelos de deformación cada vez más complejos y posiblemente
más realistas, ya que se pueden tener en cuenta cambios volumétricos (Figura 5.2.1,
p.e. Sanderson y Marchini, 1984; Dias y Ribeiro, 1994; Jones et al., 1997).
Un elemento muy útil para hacer una medida de la no-coaxialidad de la deformación
es la vorticidad cinemática (Wk), definida por Truesdell (1953). La Wk se relaciona
con la deformación coaxial y la cizalla simple simultaneas de la siguiente manera en
el espacio (Tikoff y Fossen, 1993):
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Wk =
{
(γT1)
2 + (γw)
2 + (γT2)
2
} 1
2 ·
·
{
2 (ln k1)
2 + 2 (ln k2)
2 + 2 (ln k3)
2 + (γT1)
2 + (γT2)
2 + (γw)
2
}− 12 (5.2.9)
La combinación entre cizalla pura y cizalla simple produce Wk entre 0 y 1. Siendo el
resultado de la ecuación 5.2.9 Wk= 0 cuando el tipo de deformación es cizalla pura,
ya que la primera parte de la expresión de la ecuación 5.2.9 es igual a 0 (siendo γ =
0); el valor máximo de Wk se produce para deformación por cizalla simple.
Esto tiene implicaciones directas en el estudio de las deformaciones de ambientes
tectónicos oblicuos, ya que está implícito cierto grado de vorticidad. La forma del
elipsoide tiene relación directa con la vorticidad, y a partir de Sanderson y Marchini
(1984) y posteriormente en Fossen y Tikoff (1993), se puede relacionar el ambiente
transtensivo con constricción y la transpresión con aplastamiento.
Figura 5.2.3: Constricción transtensiva y aplastamiento transpresivo usando volu-
men constante y extensión vertical, modelo de Sanderson y Marchini (1984). Figura
modificada de Dewey et al. (1998).
La orientación de la elipse en el espacio también es importante a la hora de interpre-
tar el grado de coaxialidad de la deformación. La matriz en transpresión y transten-
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sión resulta de una simplificación de la matriz en de deformación general de Fossen
y Tikoff (1993), donde desaparecen las componentes de cizalla simple en el plano
horizontal, por lo que el eje intermedio de deformación (ε2) es vertical para defor-
maciones dominadas por la cizalla simple. En zonas fuertemente transpresivas la
máxima elongación es vertical (ε1) mientras que en transtensión ε1es horizontal. En
la figura 5.2.3 se muestran las deformaciones finitas en un diagrama de Flynn u-
sando volumen constante y el modelo sencillo de Sanderson y Marchini (1984). Las
deformaciones muestran que la transpresión genera aplastamiento y la transtensión
constricción. Según Dewey et al. (1998), este también es el caso para modelos algo
más complejos con con volumen constante en los que haya extrusión lateral, cizalla
simple oblicua o transpresión heterogénea. Sin embargo es posible generar constric-
ción en transpresión y aplastamiento en transtensión en circunstancias especiales
(Dias y Ribeiro, 1994, Fossen y Tikoff, 1998).
La obtención de las formas de los elipsoides así como la orientación en el espacio
de los principales ejes de deformación aplicado al estudio de la fracturación en El
Salvador ha permitido identificar cambios en los regímenes de deformación que
han actuado en El Salvador durante el Neógeno y Cuaternario. Los resultados del
análisis cinemático parecen indicar que cambios en el grado de acoplamiento de la
interfase Coco-Caribe controlan el paso de cizalla transpresiva a transtensiva en la
deformación del arco volcánico salvadoreño. Estas observaciones las incluimos en
un modelo evolutivo regional que integra los resultados obtenidos en esta tesis con
observaciones tectónicas regionales recogidas en la bibliografía.
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5.3. Neogene-Quaternary evolution from transpressional
to transtensional tectonics in the Central America
Volcanic Arc controlled by Cocos – Caribbean sub-
duction coupling change.
Jorge Alonso-Henar (a,b), José António Álvarez-Gómez (a), José Jesús
Martínez-Díaz (a,c)
(a)Universidad Complutense de Madrid, Geodynamics, Madrid, Spain; (b)CEI Campus Moncloa,
UCM–UPM, Madrid, Spain; (c)IGEO, Instituto de Geociencias, UCM–CSIC, Madrid, Spain
5.3.1. Abstract
In order to shed light on the recent strain history of northern Central America we
have done a strain analysis based on structural data. We have reconstructed strain
ellipsoids from fault slip, dikes and fracture data in 18 outcrops distributed all over
El Salvador, on rock formations of Miocene to Holocene age. There is a Miocene
Volcanic Arc located northward the active volcanic front. Along the Miocene Vol-
canic Arc we can observe two deformation phases: A first one of transpressional
wrenching close to simple shearing; and a second one characterized by almost E-W
extension. Along the present volcanic arc we obtained a transtensional deformation
stage. Our results reveal a change from transpressional to transtensional shearing
coeval with a migration of the volcanism towards the trench in Late Miocene times.
This strain change could be related with a coupled to decoupled transition on the
Cocos – Caribbean subduction interface, which could be related to a slab roll-back of
the Cocos Plate beneath the Chortis Block. The combination of different degrees of
coupling on the subduction interface, together with a constant relative eastward drift
of the Caribbean Plate, control the deformation style along the western boundary of
the Chortis Block.
147
Capítulo 5 Análisis Estructural
5.3.2. Introduction
The Central American Volcanic Arc (CAVA) is located at the western margin of the
Caribbean plate, over the Chortís Block, spanning from Guatemala to Costa Rica
(Figure 5.3.1). The CAVA is associated to the subduction of the Cocos plate un-
der the Caribbean plate at the Middle America Trench. The eastward drift of the
Caribbean plate, relative to a fixed North American plate, induces an active transten-
sional right-lateral shearing along the CAVA (Rogers et al., 2002, Caceres et al., 2005,
Guzman-Speziale et al., 2005, Álvarez-Gómez et al., 2008, DeMets et al., 2010), which
acts as a crustal weakness where the major part of the deformation is absorbed
(Agostini et al., 2006, Álvarez-Gómez et al., 2008; Alonso-Henar et al., 2015).
Our study is focused in the Salvadorian CAVA segment, which is tectonically char-
acterized by the presence of the El Salvador Fault Zone (ESFZ) (Martinez-Díaz et al.,
2004). This active fault zone has been studied in detail by Canora et al., (2010, 2012)
from seismotectonic and paleoseismic approaches, by Correa-Mora et al, (2009), Al-
varado et al., (2011) and Staller (2014) from GPS analysis and by Alonso-Henar et
al., (2014) from morphometric analyses. It has been described as an active right lat-
eral strike-slip fault zone (Corti et al, 2005, Canora et al., 2010), but little is known
about its strain development and tectonic evolution. Recent studies done by Canora
et al., 2014 and Alonso-Henar et al. (2015), propose a two phase kinematic evolu-
tion of this fault zone consisting on a first extensional phase, probably related with
a subduction roll-back of the Cocos plate beneath the Chortís Block, followed by a
right-lateral shearing phase, produced by the fore-arc sliver-Caribbean plate differ-
ential motion.
The aim of this study is to shed light on the topic of the Neogene-Quaternary struc-
tural evolution of the western boundary of the Chortis Block, particularly in the
CAVA crossing El Salvador. We have done a strain analysis from fault slip and frac-
ture data and dikes measured in 18 outcrops distributed all over El Salvador. The
strain analysis together with a review of previous authors’ studies allowed us to
constrain the development of the crustal blocks and the forces that control the defor-
mation in northern Central America. From structural data we reconstructed strain
ellipsoids and maximum horizontal lengthening and shortening trends. We propose
that the combination of different degrees of subduction interface coupling, together
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with a constant drift of the Caribbean Plate, control the deformation style along the
western boundary of the Chortís Block. Our results reveal a Miocene strain migra-
tion towards the trench, coeval with the volcanic arc migration, and a change from
transpressional to transtensional shearing. We relate this change with a coupling-
decoupling transition on the Cocos - Caribbean subduction interface in this area and
a slab roll-back of the Cocos Plate beneath the Chortís Block.
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Figure 5.3.1: Tectonic setting of northern Central America. Orange triangles show
the positions of volcanoes. Abbreviations are: SIT: Swan Island Transform Fault;
PF: Polochic Fault; MF: Motagua Fault; JF: Jalpatagua Fault; IG: Ipala Graben; ESFZ:
El Salvador Fault Zone; CAVA: Central America Volcanic Arc; GF: Gulf of Fonseca;
CG: Comayagua Graben; ND: Nicaraguan Depression; HE: Hess Scarpment. Red
arrows show the relative plate motion with North American Plate fixed according to
DeMets et al (2010).
5.3.3. Tectonic context
The Chortis Block is one of the main crustal blocks of the Caribbean Plate. It is
composed by a Paleozoic basement and Mesozoic marine sediments and volcanic
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rocks, as result of the Cocos plate subduction beneath the Caribbean plate (Rogers
et al. 2002). The northern boundary of the Chortis Block is the Motagua-Polochic
Fault Zone, a left lateral strike-slip fault zone crossing Guatemala trending N70º-
90ºE (Plafker, 1976, Guzman-Speziale and Meneses-Rocha, 2000, Figure 5.3.1). The
western boundary of the Chortis Block is the Central America Volcanic Arc (CAVA).
The CAVA spans from Costa Rica to Guatemala ending abruptly at the Motagua-
Polochic Fault Zone, in a diffuse triple joint that connects the Caribbean, the Cocos
and the North American Plates (Figure 5.3.1). South of the Motagua Fault the strain
is distributed in horst and grabens trending N-S to NNE-SSW. These grabens spans
from the volcanic arc in Guatemala to the Honduras Depression, being the main
ones the Ipala and the Comayagua grabens, located in Honduras and Guatemala
(Muehlberger and Ritchie, 1975; Gordon and Muehlberger, 1994 and Figure 5.3.1).
According to DeMets et al. (2010) the current convergence rate of the Cocos and the
Caribbean plates is 70 to 80 mm/yr trending N40ºE, and the Caribbean plate has a
velocity of 20 mm/yr eastward relative to the North American Plate (Figure 5.3.1).
The coupling at the subduction interface seems to be very low (Pacheco et al., 1993;
Lyon-Cahen et al., 2006, Álvarez-Gómez et al., 2008), being the deformation at the
CAVA induced by the relative eastward drift of the Caribbean plate (Caceres et al.,
2005; Guzman-Speziale et al., 2005; DeMets et al., 2010). The strain is accommodated
with strike-slip faulting within the volcanic arc (Agostini et al., 2006; Alonso-Henar
et al., 2015).
In the CAVA there are three distinct structural areas parallel to the trench, from
southeast to northwest these areas are: the Nicaraguan depression (McBirney and
Williams, 1965, Cailleau et al., 2007, Funk et al., 2009), the El Salvador Fault Zone
(Martinez-Díaz et al., 2004, Corti et al., 2005) and the Jalpatagua Fault Zone (Muehlberger
and Ritchie, 1975, Carr 1976) (Figure 5.3.1). In El Salvador, the CAVA is segmented
and it is characterized by two kinds of active volcanism: well developed volcanic
buildings defining the arc segments; and monogenetic volcanoes in the inter-segment
zones (Agostini et al., 2006). The Miocene volcanic arc is situated northward of the
active volcanic front, in the back-arc zone (Figure 5.3.2).
The ESFZ is a segmented c. 150 km long and 20 km wide, active strike-slip fault
zone within the volcanic arc in El Salvador striking N90-100ºE (Martinez-Diaz et
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Figure 5.3.2: Geochronological and structural map of the El Salvador. Geology from
Bosse et al. (1978). Dots show the position of every measured site. Abbreviations are:
JF: Jalpatagua Fault; WS: Western Segment; AhF: Ahuachapan Fault; AF: Apaneca
Fault; GF: Guaycume Fault; SVF: San Vicente Fault; LI: Lempa Intersegment; BF:
Berlin Fault; SMF: San Miguel Fault; IR: Jucuarán-Intipucá Range. b) Gray zones
represent tectonic depressions. c) Formation ages from Ehrenborg, (1996). Abrevia-
tions are: re: rhyolitic volcanism; est-bi: bimodal volcanism: strato-shield plus minor
rhyolite dome volcanism.
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al. 2004). This fault zone has been the source source of destructive earthquakes in
the volcanic arc, as the 13th February, 2001 Mw 6.6 (Canora et al. 2010). The focal
mechanism solution for this earthquake was almost pure strike-slip (U.S. Geological
Survey’s National Earthquake Information Center catalog). Latter studies showed
that there is some active transtensional deformation in the ESFZ (Alonso-Henar et
al., 2014), and that the ESFZ is composed by some structures inherited from a mainly
extensional phase probably related with a subduction roll-back of the Cocos Plate
beneath the Chortís Block (Canora et al, 2014, Alonso-Henar et al., 2015).
The ESFZ is composed of five segments with trends ranging N90º-110ºE, which are
from west to east: Western, San Vicente, Lempa, Berlin and San Miguel segments
(Canora et al., 2010, Figure 5.3.2). There are also secondary faults and intersegment
zones composed of minor faults trending N140º-170ºE. Towards the east, the strain
along the ESFZ is less constrained and the San Miguel Segment presents lower mor-
phologic expression. In this area most of the strain is accommodated southwards,
along the Jucuaran-Intipucá range, a broad deformation zone composed of normal
faults trending N110-120ºE and N30-40ºE (Hernandez-Moreno, 2011; Staller, 2014,
Figure 5.3.2).
5.3.4. Methodology
From structural data measured in 18 outcrops in El Salvador we have reconstructed
strain ellipsoids using a fault slip inversion analysis. All the data were collected
during a measurement campaign and the main features of the outcrops are summa-
rized in Table 5.2. There is a lack of good outcrops in El Salvador due to the plant
growth rate and rapid evolution of the landscape in tropical areas, together with the
difficulty of finding fault striae in volcanic lithologies. In order to get an statistically
representative strain ellipsoid, and due to the scarcity of data, we unified data from
some outcrops following the criteria explained below.
From the collected data (fault planes with slickenlines, dikes and joints) we obtained
the main strain axes orientation. When it was possible we have used the shear planes
and slip directions measured in the field to constrain the orientation of the main
strain axes as showed in Figure 5.3.3. We assume that the fault striae (the lineation
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in Figure 5.3.3) is parallel to the maximum solved shear strain on a plane. When
the available data were joints (Mode I fractures) and dikes we only determine the
maximum lengthening direction (ε1 axis) being this axis perpendicular to the plane.
The calculated axes are the maximum contraction axis (ε3); the maximum extension
axis (ε1); and an intermediate axis (ε2). These axes form an orthogonal system where
the ε1 and ε3 axes form an angle of 45º from the shear direction and ε2 is contained
on the shear plane (Figure 5.3.3).
Some data of the analyzed outcrops in our study are poliphasic, that means that the
analyzed volume of rock has been deformed by different tectonic events (Angelier,
1994). In several outcrops we have identified superposed deformation stages and
we determined the strain axes of each deformation stage. The outcrops analysis did
not gave us enough clues to determine a temporal relationship between the family
groups. In order to separate the families into subsets in the same outcrop we have re-
sorted to the WinTensor Program (Delvaux and Sperner, 2003). This program use an
iterative approach to separate the data into subsets on the base of a misfit parameter
that is calculated for each fault. When the obtained misfit angle of a given plane is
high, we consider that this fault plane is part of another deformation stage (Delvaux
and Sperner, 2003).
Figure 5.3.3: Orientation of the instantaneous strain axes of a fault and tangential
lineation point defined for a shear plane.
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To infer strain ellipsoids from brittle fracture data we need to apply the idea of con-
tinuum measure of deformation in an area where the strain is accumulated in single
slips of discrete faults. Implicitly we average the sum of the deformations from the
set of faults over a volume that is large relative to the spacing of faults (Twiss and
Moores, 2007). In our data set the amount of slip remains unknown and conse-
quently we cannot obtain the absolute strain tensor. We have resorted to the tangent
lineation diagrams pattern to determine at least the shape of the ellipsoid once the
main axes have been calculated (Figure 5.3.3). The pattern of the tangent lineation
depends on the shape of the strain ellipsoid. For the strain ellipsoid reconstructions
we assumed that the slip direction on a given fault plane is parallel to the maximum
shear rate of a homogeneous strain tensor in a large scale and modified for rigid
blocks rotations (Twiss et al. 1991, 1993). To constrain the strain ellipsoid the maxi-
mum shear strain on each fault plane data is computed varying iteratively the strain
ellipsoid shape from simple flattening to simple constriction, but keeping constant
the orientation of the main axes previously determined. The misfit angles between
the computed maximum shear strains on the plane and the measured fault slicken-
lines is calculated for each ellipsoid. We consider the optimum strain ellipsoid is
that in which the addition of the misfit angles is the lower. The shape of the strain
ellipsoid is defined by D,
D ≡ ε2 − ε3
ε1 − ε3
where D = 0, ε2 = ε3 for simple constriction; D = 1, ε1 = ε2 for simple flattening; D =
0.5, ε2 = 0 and ε1 = −ε3 for plane strain.
The principle for the fault slip inversion methods consists on considering the best
fit between the spatial orientation of the fault slip data and the spatial orientation
of the predicted fault slips for a particular strain tensor (Angelier, 1994; Dune and
Hancock, 1994). Thereby, the numerical quality of the resulting stress tensor is ob-
tained by measuring the angle between the fault slip data and the nearest maximum
shear stress predicted for the fault plane. We have represented this misfit for every
calculated strain ellipsoid in (Figure 5.3.6).
Due to the lack of enough quality data in some outcrops we have unified the data
154
Capítulo 5 Análisis Estructural
that show similar orientation of the main strain axes from different outcrops form-
ing deformation families. According with Angelier (1994) a deformation family is a
group of brittle data of the same type and with common geometrical characteristics.
For each of the deformation families we have calculated a strain ellipsoid. We have
analyzed together these data in order to obtain common mean axes orientations for
all the similar families.
5.3.5. Results
5.3.5.1. Subsets and main strain axes.
Here we present the main strain axes orientation for each outcrop and, if necessary,
the identified subsets. In the map of Figure 5.3.2 the location of every measuring
station is shown, and in Table 5.2 the corresponding data. All the formation names
are based on the geological map of El Salvador by Bosse et al. (1978). The strain axes
are presented as Trend//Plunge and are represented in lower hemisphere equal area
projection in Figure 5.3.4. We have divided the study area into three great tectonic
regions, the fore-arc sliver, the back-arc (which is placed in the Mioene Volcanic arc)
(Bundschuh and Alvarado Ed., 2007) and the active volcanic front (where almost all
the current deformation is located, Canora et al., 2010).
Forearc Region: The fore-arc region is the area with a lower amount of data, the
difficult access and the absence of outcrops did not allow us to get enough structural
data. We only found three sites with quality outcrops located in this area (sites 8,
19 and 20). Only the site 19 showed complex fracture style and poliphasic data, and
three subsets (Figure 5.3.4) where identified. In the site 8 we only identified Mode I
structures so we only determined the maximum lengthening orientation (ε1).
Back-arc Region: In this area we were able to collect enough data to get a represen-
tative strain tensor for the back-arc region. All the measurements were located in
Miocene rocks according to Bose et al. (1978). We identified poliphasic data in the
site 25 (from 47 structures measured in this outcrop) with three subsets: Subset 1 (24
data): ε3 = 275//67; ε2 = 142//16; ε1 = 048//16. Subset 2 (11 data) ε3 = 142//47; ε2
= 030//19; ε1 = 285//36. Subset 3 (7 data) ε3 = 040//50; ε2 = 307//02; ε1 = 215//40.
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ε3 ε2 ε1 εhmax
Site ID. Trend Plunge Trend Plunge Trend Plunge Subset Number of data
2 275 66 005 00 095 24 005 1 2
4 134 19 333 70 226 06 134 1 2
5 224 64 031 25 123 05 043 1 17
8 039 07 130 1 70
12 273 54 160 16 060 31 133 1 17
13 015 00 284 76 105 14 014 1 13
15 140 15 339 74 231 05 140 1 4
18 218 09 128 1 7
19a 250 04 021 84 159 05 69.2 1 7
19b 198 74 328 10 060 12 152.8 2 13
19c 290 52 027 05 121 38 046 3 2
20 229 52 121 13 022 35 099 1 4
21 148 11 271 71 055 15 146 1 13
24 338 22 152 68 247 02 158 1 3
25a 275 67 142 16 048 16 137 1 2
25b 142 47 030 19 285 36 005 2 2
25c 040 50 307 02 215 40 051 3 5
Lempa 235 68 331 02 062 22 157 1 6
Pan103 051 68 142 00 232 22 143 1 4
La Leona 337 61 100 17 197 23 114 1 8
Cacao 137 16 274 69 043 14 135 1 3
15SeptW 108 68 286 22 016 01 106 1 5
Carmen 309 51 096 34 198 16 119 1 8
Table 5.1: Resulting strain axes
The results for this area have predominantly the ε2 axis vertically, and low angles
for the ε1 axis. Except in the sites 12 and 25. The data collected are conjugated shear
planes, fault planes with slickenlines, Mode I fractrures and dikes (Table 5.2).
Volcanic arc: This area is covered by Plio-Quaternay tephras (Bosse et al. 1978) and
we consider this area representative for the quaternary deformation. We measured
8 data sites in this area and the obtained results show predominant ε3 axis vertical,
horizontal ε2 and ε1 axes (except in sites 4 and Cacao). We did not found poliphasic
data in this region and compared with the sites in the fore-arc and the back-arc we
found less amount of faulting in this region. Most of the faults were in San Salvador
Formation (Plio-Holocene).
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5.3.5.2. Deformation families:
We present the maximum horizontal shortening and lengthening directions of the
obtained results presented above prior to distinguish the different deformation phases
(Figures 5.3.2 and 5.3.4 (regional maps with strain crosses) and Table 5.1). In the sites
number 19 and 25 we found fault planes with kinematic properties mutually incom-
patible, which we interpreted as superposed consecutive deformation phases. We
did not find enough convincing crosscutting relationships between the structures to
establish a temporal relationship between them.
From the trend and plunge of the main strain axes we can observe that: a) for the
maximum lengthening axis distribution (ε1 axis) there is a predominant trend with
low plunges (10º-20º) and trends that range form N40º-70ºE and in the opposite sense
N210º-240ºE (Figure 5.3.5). In a plane normal to these trends are contained the others
two main strain axes (ε3 and ε2). b) For the maximum shortening (ε3 axis) there are
two families. On the one hand an almost vertical ε3 axis corresponding mainly to
the volcanic arc data and to the extensional areas related to the Ipala Graben and the
Jucuarán-Intipucá range; and on the other hand a horizontal maximum shortening
oriented N130º-150ºE and vertical ε2 axis that correspond mainly with back-arc data
(Figures 5.3.4 and 5.3.5).
We can divide the study area into three regions with tectonic similarities: the back-
arc (Miocene volcanic arc zone), the Holocene arc (active volcanic front) and the fore-
arc sliver. Regarding to the back-arc area we distinguished two families in the result-
ing maximum lengthening direction, a family with the maximum extension trending
N40º-60ºE and another family with a maximum lengthening trending N80º-120ºE. In
the Holocene arc the results are more homogeneous, with a maximum horizontal
lengthening trending N30º-60ºE in all the outcrops except in sites 2 and 5, which
could be explained with local heterogeneities as we discus below. In the fore-arc
area the only site with poliphasic results is the site 19.
The back arc region is the area with the greater complexity in the results and two
deformation families were identified. The strain axes orientation in the back arc
region show that: a) the ε1 axis orientation remain constant for the sites: 12, 15, 18, 21,
24, 25A and 25C and b) it exists a permutation between ε3 and ε2 axes in these sites.
ε3 axis is vertical in sites 12, 25A, 25C. ε2 axis is vertical in 15, 21, 24. Note that in site
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18 the only axis we get was ε1 axis. c) In sites 13 and 25B, the maximum horizontal
lengthening direction is E-W, but the other strain axes have not similarities between
them.
In the volcanic arc the results show more uniform strain axes. Most of them has
the ε3 axis vertical (sites 2, Leona, Lempa, 15Sept, Pan103). The differences in the
sites 4, 5 and Cacao could be due to local variations because they are situated in
inter-segment regions or transfer zones. The maximum horizontal shortening and
lengthening are constant along the volcanic arc (Figure 5.3.4).
The fore arc sliver show complexity regarding to the ε3 and ε2 axes orientation, but
the ε1 axis is more or less constant in the sites 20, 8 and 19B. The Intipucá range
may act as a deformation area with specific features that make it to be considered
individually out of the fore arc sliver family, so the sites 19 and 20 are no considered
part of the deformation family together with site 8. A process of orthorombic faulting
may be acting in the Intipucá Range.
Figure 5.3.5: Lower hemisphere Schmidt projection stereoplots showing all the re-
sulting strain axis together.
5.3.5.3. Unification of the strain axes
Due to the scarcity of data we have unified the results into families following the
criteria presented above. We assume that the deformation mechanism should be
similar within these regions or families. Angelier (1994) defined a deformation fam-
ily as a group of brittle data of the same type and with common geometrical features.
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These families are: the back-arc N40º-60E lengthening (or Miocene arc), the back-arc
N80-120ºE lengthening, the Holocene arc and the fore-arc. We could not obtain el-
lipsoids shapes in the fore-arc due to the lack of data (Figure 5.3.4).
Holocene arc:
In this family, most of the results of the ε3 axis have plunges higher than 65º, and
the ε1 axis plunges are lower than 20º. The maximum density orientation for all the
combined data are ε1 = 041//14 and ε3 = 225//70. We have orthogonalized the axes
assuming a mean tensor for the region. The orientation of the main strain ellipsoid
axes are ε3 = 226//73; ε2 = 131//01; and ε1 = 041//17.
Back-arc:
In the back arc region we found poliphasic data without clear crosscutting criteria to
establish a temporal relationship between them. The sites 12, 15, 18, 21, 24, 25A and
25C show a deformation phase named as Back-arc α. An other deformation phase
appears in sites 13 and 25B and we named this phase as Back-arc β. The names of
the deformation phases have not a temporal relationship.
Phase Back-arc α: Sites 12, 13, 15, 18, 24, 25a together result in a mean maximum
strain axes orientation of ε3 = 138.5//14.4 and ε1 = 51.4//7.4. Once orthogonalized
the resulting common mean strain axes are: ε3 = 143//14; ε2 = 276//70; and ε1 =
050//14.
Phase Back-arc β: The Phase β is obtained only from the results of the sites 25b and
13. The mean strain axes are ε3 = 160//00; ε1 = 106//14. Once orthogonalized,
the resulting mean main strain axes are: ε3 = 357//05; ε2 = 250//73; ε1 = 088//16.
The results in this case have even more uncertainty due to the lower amount of data
(Figures 5.3.4 and 5.3.6).
5.3.5.4. Strain ellipsoid determination
We have unified similar areas and considered the results of different sites as de-
formation families. For each volume of rock the deformation phase is considered
constant and homogeneous at a regional scale. The misfit of our adjust reflects local
variations and permutations of the strain tensor.
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Figure 5.3.6: Lower hemisphere Schmidt projection stereoplots showing the strain
axes of the active volcanic front, and the two back arc deformation phases. Lower
diagram shows the summation of the misfit angles between theoretical maximum
shears strain and the measured ones from simple constriction to simple flattening.
Strain ellipsoid in the Holocene volcanic arc (Figure 5.3.6): In the volcanic arc, the
misfit between the solved maximum shear strain on the planes and the measured
lineations decreases for values of D from 1 to 0. That means that the strain ellipsoid
in the Holocene volcanic arc is more probably in the constrictional field (D < 0.5; ε2
= ε3, for simple constriction), with the main strain axes orientations ε1 = 17//041; ε2
= 01//131; ε3 = 73//226.
Strain ellipsoid in the back arc, phase α (Figure 5.3.6): For the phase α of the backarc
region the misfit between the computed maximum shear strain on the planes and
the measured lineations decreases from D = 0 to D = 1. From the mean values of the
mean strain axes, and once we have unified the main strain axes (ε3 = 143//14; ε2 =
276//70; and ε1 = 050//14), the solved ellipsoid, common for this phase, is located
more probably in the field of flattening (D > 0.5; ε1 = ε2 for simple flattening).
Strain ellipsoid in the back arc, phase β (Figure 5.3.6): From the mean value of the
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family β in the back arc we obtained the main mean strain axes: ε3 = 357//05; ε2
= 250//73; ε1 = 088//16. The results of the constrained strain ellipsoid show high
uncertainty, but showing less misfit a flattening shape for the ellipsoid. The high
uncertainty of this ellipsoid could be due to the scarcity of data.
5.3.6. Discussion
5.3.6.1. Uncertainty
In Figure 5.3.7a we have represented the tangential synthetic fault slip lineations of
fault planes oriented in all directions for tensor shapes of D = 0.1 to D = 0.9. This rep-
resentation is a lower-hemisphere equal area stereo-plot of a fault plane pole and the
shear sense using an unique symbol (Figure 5.3.3). We can observe how the variabil-
ity of the results depends on the dip of the reactivated fault plane, and the reliability
of the shape of the ellipsoids depends directly on the dip angle. In Figure 5.3.7b we
have represented the angle between the computed slip rakes for the maximum shear
stress solved in every oriented plane for every ellipsoid shape (from D = 0 to D = 1)
keeping constant the trend and plunge of the main strain axes. The range of the color
scale goes from areas with less than 10º of difference to more than 30º. We can con-
sider that when the angle difference is less than 10º the uncertainty on the ellipsoid
shape determination is high. This fact makes even more difficult the determination
of the stress or strain ellipsoid shapes in areas of reactivated faults inherited from
extensional tectonic context, where dips higher than 70º are common (Figure 5.3.7b).
The main segments of the ESFZ trend N90-110ºE. According to Canora et al., 2014
and Alonso-Henar et al., 2015, are non-optimally oriented pure strike-slip faults in-
herited from a previous deformation phase. These segments have an estimated dip
angle around 70º, implying that an important range of shapes of the strain tensor
would be imperceptible in the fault slip. Most of our measurements of fault planes
used in this study lie on areas where the differences between the fault slips com-
puted for different ellipsoid shapes are minimum (Figure 5.3.7b, areas with less than
10º of difference). In Figure 5.3.7c we show the number of fault data are plotted
versus their dip. The collected fault data for this study have mostly high dips and
this could be one of the reasons for the misfit in the strain ellipsoid determination
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exposed in the Figure 5.3.6. In order to reconstruct strain or stress tensors we should
consider that the quality of our adjust depends on the faults dips. The lower the dip
the higher the sensitivity of the methodology.
Figure 5.3.7: A: Lower hemisphere Schmidt projection stereoplots showing the in-
fluence of the fault dip in the uncertainty of the solved stress or strain tensor. Red
arrows show the maximum shear direction of a stress or strain tensor N-S oriented
with D = 0.9, black arrows are using D = 0.1. B: Stereoplot with blue color sale
shading shows the angle variation in all the tensor rank (0≤ D ≤1). C: Histogram
showing the fault dips of this study.
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5.3.6.2. Maximum horizontal strain
The strain crosses maps show homogeneity in the results obtained in the Holocene
volcanic arc trending around (εhmax = 90-130ºE except in sites 2 and 5 (Figure 5.3.4
and Table 5.1)). In the sites 2 and 5 the shortening and lengthening direction are
orthogonal to the general trend (lengthening N90º-130ºE compared with N10º-40E).
This exception could be related with local changes in the deformation pattern as-
sociated to the location of these sites at the boundary of a pull-apart basin. This
location could promote the rotation of the maximum lengthening direction, making
it perpendicular to the bounding normal fault of the basin.
The results in the back-arc show more variations. We have separated these results
into two deformation phases. Most of the results (phase α) point to a maximum
lengthening direction of N30º-60ºE. The remaining results (phase β) point to a length-
ening direction of N80º-120ºE. According to Cáceres et al. 2005, the current extension
in the Chortís Block has a maximum horizontal lengthening direction of 099//04,
which is approximately the median of the results of the phase β. Therefore we can
consider the phase β as the evidence of the active deformation and the phase α as a
previous deformation phase related with the Miocene palaeo-arc (the current back
arc region).
The results in the forearc sliver are homogeneous too, with maximum horizontal
shortening trending N130º-170ºE, but in site 19, there are maximum horizontal length-
ening trends of N159ºE, N62.8ºE and N136±24ºE. This site is located in the Jucuarán-
Intipucá Range, a range with active faulting and an important active extension (Staller,
2014). According to the fault pattern array in the Jucuarán-Intipucá Range, the de-
formation style could be related with a transfer zone as proposed Alvarado et al.
(2011). A process of orthorhombic faulting pattern (Miller et al. 2007) in this area is
a plausible deformation style that explain the observations.
5.3.6.3. Structural interpretation: from tranpression to transtension
The spatial orientation of the strain axes together with the shape of the strain ellip-
soid represent the result of the combination of the simple and pure shearing in an
oblique tectonic setting. According to Fossen and Tikoff (1993), the instantaneous
164
Capítulo 5 Análisis Estructural
intermedium axis (ε˙2) of an ellipsoid is vertical in tectonic regimes close to simple
shearing. However, this axis switches with ε˙3 for transtensional regime. For oblique
tectonic setting remain clear that the strain geometry has direct dependence on the
ratio of simultaneous simple shearing and pure shearing. Transtensional deforma-
tion gives rise to constrictional field and transpressional deformation to flattening
field in monoclinic deformation regime (Sanderson and Marchini, 1984; Fossen and
Tikoff, 1993).
In the case of the Holocene deformation in the volcanic arc, there is a mean maximum
lengthening trending ε1 = 17//041. The ε3 axis is oriented close to vertical (226//73)
and the shape of the strain ellipsoid is in the constrictional field. Both data indicate
that transtension is the active deformation style in the volcanic arc.
In the back-arc region, for the results in phase α, the maximum lengthening vector is
ε1 = 050//14 (which is in fact really close to the lengthening direction in the volcanic
front), but the maximum shortening axis is switched ε3 = 14//143. The intermedium
axis (ε2) is close to the vertical (276//70). The ellipsoid shape is in the flattening
field. For the phase β, the shape of the strain ellipsoid was not successfully defined
and we can not determine the deformation mechanism. The maximum shortening
is oriented ε3 = 357//05 and lengthening is ε1 = 088//16. E-W extension is clear in
this area attending to the regional graben formation described by numerous authors
(Burkart and Self, 1985; Gordon and Muehelberger, 1994).
The obtained results show complexity in the strain axes orientation and the ellip-
soids shapes. In the phase α of the back arc deformation, the strain ellipsoid axes
indicate finite deformation close to simple shearing, but the ellipsoid shape is in the
flattening field. This fact could be explained with a kinematic vorticity number of
Wk ≥ 0.81 (Wk, defined by Truesdell, 1953) (transpressional simple shearing) or with
a triclinic transpression model (Jones et al. 1997; Fernandez and Diaz-Azpiroz, 2009).
In triclinic transpression the ε3 axis would changes its orientation progressively and
it would be closer to vertical places with increasing deformation. It would be a
broader range of Wk closer to simple shearing than in monoclinic transpression. In
any case these results show transpressional deformation with horizontal maximum
lengthening. That means that wrenching with some tranpression is the deformation
mechanism during Miocene times. On the other hand, the ε3 axis is close to verti-
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cal during the Holocene deformation of the volcanic arc. That implies a kinematic
vorticity number of Wk ≤0.81. That means a deformation style dominated by coax-
ial deformation in the transtensional field, which is not in agreement with previous
studies, that showed that active transtensional simple shearing is acting in the ESFZ
(Alonso-Henar et al. 2014, 2015 and Canora et al., 2014). According to the values
in Table 5.1 and the Figure 5.3.5 the ε3 axes of the volcanic arc differ to the verti-
cal approximately 15-20º. In order to explain these features we propose that these
facts could be due to the general dip direction of the ESFZ (WSW); due to a triclinic
transtension; or a regional tilt towards ENE direction. We find the triclinic tranten-
sional model close to simple shearing is the option that best fits with the obtained
results and the regional tectonics.
We can group together the results of the analysis into three deformation families,
a transtensional Holocene deformation, a Miocene transpressional phase, and an
Holocene E-W extensional phase with an undefined shape of the strain tensor. These
deformation families can be interpreted as the result of two deformation phases.
The first deformation phase is coeval with the Miocene volcanism and has a strain
ellipsoid in the field of flattening with D > 0.5. The second deformation phase was
constrained from data measured in the active volcanic arc and in some sites of the
back-arc area. This active deformation in the Holocene volcanic arc is represented by
a prolate strain ellipsoid D < 0.5, while in the back arc region is represented by the
current E-W extension on the grabens region in Honduras, coherent with our strain
measurements of the phase β.
5.3.6.4. Coupling-decoupling evolution: constraints from finite element models.
Implications to regional tectonics.
The deformation in the study area can be described as the result of the combination
of: a) the forces derived by continuous relative migration of the Caribbean plate with
respect to North American plate and the forearc sliver, b) the degree of coupling of
the Cocos plate subduction interface and c) the volcanic arc acting as a weakness
zone. The continuous migration of the Caribbean plate induces some transtension
along the Salvadorian volcanic arc; the position of the volcanic arc controls the weak-
ness and thereby the location of the deformation; and the degree of coupling induces
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pure shearing approximately perpendicular to the trench.
Álvarez-Gómez et al. (2008) resorted to finite element modeling (FEM) to constrain
the relative importance of the forces cited above. Their models were based in the con-
ceptual geodynamic proposals for northern Central America done by Plafker (1976),
Malfait and Dinkelman (1972) and Burkart and Self (1985). The FEM is composed
of three lithospheric blocks: the North American Plate, the Chortís Block and the
fore-arc sliver. The boundaries of the blocks are: The Motagua-Polochic-Swan island
transform fault zone (North American Plate - Chortís boundary); and the Central
America Volcanic Arc (Chortís Block - Forearc sliver) (Figures 5.3.1 and 5.3.8, for a
detailed description about the FEM see Álvarez-Gómez et al., 2008).
The forces sources in the FEM are: the forces derived from the coupling of the sub-
duction zone and the forces due to the Caribean drift. There are not meaningful
changes in the Caribbean plate drift for the recent tectonics (Ronsencratz et al. 1988,
Leroy et al. 2000) so this forces can be considered constant. The volcanic arc is
modeled as a weak zone with a Young’s modulus of 7.0 x 109N m−2. The results
presented here are those done to test the influence in the degree of the coupling in-
terface on the volcanic arc deformation. The resulting deformation regime in the
weak zone vary from transpression to transtension depending on the value of FV.
FV is the proportion of the force applied, being the force vector (FV) equal to 1 for
a fully coupled subduction interface and 0 for the absence of coupling. For FV > 0.3
dominated traspressional regime is the resulting deformation in the weak zone. For
FV ≤ 0.3 transtension is present in the weak zone crossing El Salvador. In the model
with highest coupling the transpression is clearer all along the volcanic arc.
The Miocene transpressional regime along the Salvadorian volcanic arc may be ex-
plained with a phase of higher coupling in the subduction interface (equivalent to
Figure 5.3.8b). A transition to a lower coupled subduction interphase would deter-
mine the strain path from transpression to the current transtension (Figure 5.3.8c). A
subduction interface coupled, together with the drift of the Chortís Block, resulted
in transpressional deformation along the volcanic arc during Miocene times.
The Miocene transpressional to Holocene transtensional transition is related with a
decrease of the subduction related forces. The half opening rate of the Middle Pacific
Ridge and the Cayman Ridge can control the resulting convergence rates in the Mid-
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Figure 5.3.8: Maps of tectonic regime from Álvarez-Gómez et al., 2008. Grey shading
color palette as function of the kind of the tectonic regime shown in the scale bar.
dle American Trench. We have calculated the half opening rates from the ocean ages
database of Müller et al. (2008). In Figure 5.3.9 we can observe a decrease of the half
spreading rate during Late Miocene in the Middle Pacific Ridge and not significant
changes in the Cayman Ridge for the recent tectonics (Jarrard, 1986; Rosencrant et
al., 1988; Leroy et al., 2000). This fact would have controlled the decoupling process
and the transition between both deformation regimens.
During 19-10 Ma there is an interval of super high spreading rate of the Cocos-Pacific
Segment of the East Pacific Rise (Wilson, 1996, Figures 5.3.9 and 5.3.10) and, accord-
ing to Rogers et al. (2002), the increasing buoyancy of the incoming Cocos plate dur-
ing 19-10 Ma made possible a slab detachment beneath Honduras. This fact would
explain the Honduras Uplift (Rogers et al, 2002) and the mantle upwelling behind
the volcanic front in Guatemala and Honduras (Walker et al., 2000). The slab detach-
ment may have occurred between 10-3.8 Ma (Rogers et al., 2002), and the tear fault
migration during this process produced a decrease in the slab pull in the subduction
zone (Figure 5.3.10).
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Figure 5.3.9: Ocean ages map of the study region. Profiles show the half spreading
rate of the Middle Pacific Ridge (black line in the map) and Cayman Ridge (red line
in the map). Blue lines show the half spreading rates computed from the ocean age
and the profile length, refered to the blue border in the graphic (mm/yr). Colored
lines show the ocean age (Age Ma).
The slab detachment and the decreasing buoyancy along time of the Cocos plate may
have produced a slab roll-back and a transition between a coupled to a decoupled
subduction interface. The decoupling process could have happened during Late
Miocene (5 Ma according to a decrease of the spreading rates showed in Figure 5.3.9
and 5.3.10).
The decoupling of the subduction slab explain the transpressional to transtensional
transition and is consistent with the structural development of the El Salvador fault
Zone and the Nicaraguan extension during Late Miocene - Pliocene (Weinberg, 1992,
Canora et al., 2014 and Alonso-Henar et al., 2015). A slab roll-back of the Cocos
Plate beneath the Chortís block would made the volcanic arc to migrate towards the
trench. During this process the deformation would be less influenced by the subduc-
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Figure 5.3.10: Timing relationships of the main geodynamic events discussed in the
text. EPR: East Pacific Rise; SR: Spreading Rate; TS: Transtensional shearing; SMVA:
Seaward Migration of the Volcanic Arc; G&H: Guatemala and Honduras; MAT: Mid-
dle American Trench.
tion perpendicular push, and basically the eastward drift of the Chortís Block would
control the deformation in this area (transtensional strain of the second deforma-
tion phase). In the northern area, the second deformation phase would be related
to the extensional context of the Honduras grabens (with the Ipala and Comayagua
grabens as main structures) because the resulting lengthening trends have equiva-
lent orientation to the grabens opening trend described by Guzmán-Speziale et al.
(2001) and Cáceres et al. (2005) from seismicity data, by Alvarez-Gomez et al. (2008)
from numerical modelling, and by Rodriguez et al. (2009) from GPS data (Figure
5.3.11).
The differences in the active deformation between the back-arc and the arc could be
related to the presence of inherited structures that absorbs the deformation in the
volcanic arc. This inherited structures are related with a mainly extensional stage
linked to the slab roll-back (Canora et al., 2014, Alonso-Henar et al., 2015) during
the coupling-decoupling transition. The active volcanic front is acting as a weak
zone that refracts the stresses, controlling the maximum shortening and lengthening
directions, and the differences between the back-arc and arc deformation families
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during Holocene times.
Figure 5.3.11: A: Flynn diagram showing the hypothetical strain evolution of the
CAVA. B: Miocene transpressional shearing with higher influence of the subduction
interface coupling forces. C: Current transtensional shearing with lower influence of
the subduction interface forces after a roll-back process.
5.3.7. Conclusions
The results of the analysis reveal a two phase tectonic evolution in the Central Amer-
ica Volcanic Arc crossing El Salvador. A first one of transpressional wrenching close
to simple shearing and a second one of transtensional deformation along the CAVA.
The first deformation phase is related to a higher coupling stage of the Cocos plate
interface. This stage induced some shortening perpendicular to the trench, that to-
gether with the Chortis Block eastward drift resulted in transpressional wrenching
along the Miocene volcanic arc (the current back-arc region). The second deforma-
tion stage is characterized by transtensional deformation along the Holocene vol-
canic arc related to a low coupling stage of the Cocos plate subduction interface,
during this phase the deformation is dominated by the relative eastward drift of the
Chortís Block. Coeval to the transtensional deformation along the CAVA, E-W ex-
tension is acting in the back-arc region. This E-W extension is also controlled by the
relative movement of the Chortis Block with respect to the North American plate
and the forearc sliver. The differences in the Holocene deformation between the ac-
tive volcanic front and the back-arc region could be due to the active volcanic front
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acting as a weak zone with inherited structures detaching the forearc sliver from the
Chortis block and refracting the stresses.
In the Central America Volcanic Arc, the forces are controlled by the interaction be-
tween the Chortís Block relative eastward drift, the active volcanic front acting as a
weakness zone and the degree of coupling in the Cocos plate subduction interface.
The CAVA acts as a weakness zone that controls the location of the deformation.
During Late Miocene times the CAVA migrated trenchward due to a subduction
roll-back beneath the Chortís Block, causing the migration of the deformation too.
This tectonic evolution changed two of the three main aspects that control the de-
formation: the volcanic front position, migrating towards the trench (Weinberg et
al. 1992), and the subduction interface coupling, decreasing to very low coupling in
Holocene times (Pacheco et al., 1993, Lyon-Caen et al., 2006; Álvarez-Gómez et al.,
2008; Franco et al., 2012) (Figure 5.3.11).
The proposed deformation model is consistent with a constant drift of the Chortís
Bock and with the deformation models proposed by (Burkart and Self (1985), Mal-
fait and Dinkelman (1972), Plafker (1976), Guzman-Speziale et al. 1989 and Álvarez-
Gomez (2008)), which consists in a tectonic regime controlled by the Chortís Block
relative eastward drift, a pinning of the forearc sliver to North America (at western
Guatemala and Chiapas) and the low coupling of the subduction interface. This
tectonic framework induces transtensional deformation along most of the CAVA
(Álvarez-Gómez et al., 2008) ending northward in a diffuse triple joint. This setting
induces grabens opening northward the CAVA and oblique tectonics in the CAVA.
From timing evolution of the main parameters that could control the deformation
along the CAVA we can conclude that: the slab detachment noticed by Rogers et
al. (2002) and the decreasing buoyancy along time of the Cocos plate may have pro-
duced a slab roll-back and a transition between a coupled to a decoupled subduction
interface. The decrease of the spreading rate of the Middle pacific rise (Jarrard, 1986)
would have a direct relationship with the slab roll-back, so we consider that this pro-
cess could have happened during Late Miocene (5 Ma according to a decrease of the
spreading rates showed in Figures 5.3.10 and 5.3.11).
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Cuadro 5.2: All data sites measurements and the con-
sidered subset. Sense: N: Normal; I: Reverse; D: Dex-
tral; S: Sinistral; XX: Unknown. Style: S; fault striae; SP:
Shear Plane; J: Joint: D: Dike.
Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
Site 2 100 89 100 89 N S 1 Holo. -89.8249 13.9495
90 65 90 65 N S 1
100 78 SP 1
78 76 SP 1
84 88 SP 1
87 69 SP 1
80 84 SP 1
54 80 SP 1
86 72 SP 1
81 58 SP 1
84 48 SP 1
278 60 SP 1
Site 4 104 58 SP 1 Mio. -89.9023 14.0232
334 70 SP 1
226 68 SP 1
74 70 SP 1
70 72 SP 1
66 89 SP 1
230 46 SP 1
154 85 86 77 N S 1
268 81 181 18 N S 0
Site 5 208 85 J 1 Plio. -89.8963 14.0257
36 68 J 1
22 72 J 1
30 86 J 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
10 89 J 1
220 84 J 1
190 88 J 1
8 74 J 1
140 89 J 1
332 74 J 1
342 71 J 1
348 64 J 1
334 62 283 50 S S 1
10 89 J 1
130 65 J 1
336 49 J 1
250 89 J 1
Site 8 208 69 J 1 Mio. -89.4152 13.5018
46 74 J 1
12 66 J 1
24 81 J 1
22 89 J 1
230 58 J 1
350 84 J 1
52 86 J 1
250 88 J 1
172 88 J 1
198 89 J 1
242 72 J 1
240 74 J 1
178 76 J 1
237 72 J 1
15 66 J 1
38 73 J 1
192 79 J 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
70 86 J 1
172 70 J 1
222 81 J 1
356 65 J 1
218 64 J 1
38 79 J 1
20 71 J 1
192 78 J 1
204 84 J 1
84 85 J 1
216 88 J 1
206 72 J 1
232 84 J 1
184 71 J 1
192 85 J 1
248 88 J 1
214 74 J 1
206 89 J 1
257 86 J 1
246 85 J 1
196 64 J 1
49 88 J 1
210 69 J 1
204 82 J 1
229 72 J 1
17 72 J 1
228 76 J 1
221 76 J 1
252 60 J 1
256 63 J 1
50 82 J 1
221 67 J 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
197 63 J 1
237 50 J 1
220 80 J 1
242 77 J 1
225 67 J 1
70 83 J 1
213 76 J 1
237 86 J 1
222 74 J 1
224 88 J 1
240 84 J 1
50 84 J 1
70 80 J 1
222 78 J 1
240 82 J 1
36 86 J 1
200 81 J 1
36 70 J 1
217 81 J 1
235 80 J 1
Site 12 87 75 30 64 N S 1 Mio. -89.3491 14.1912
74 77 11 63 N S 1
58 86 345 76 N S 1
42 78 337 63 N S 1
92 67 84 67 N S 1
88 76 68 75 N S 1
50 82 336 63 N S 1
248 89 293 89 N S 0
81 84 6 67 N S 1
64 82 360 72 N S 1
88 82 18 68 N S 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
254 86 333 70 N S 0
250 85 323 73 N S 0
253 86 334 66 N S 0
86 88 0 66 N S 1
52 78 25 77 N S 1
70 78 10 67 N S 1
70 65 21 55 N S 1
97 76 61 73 N S 1
273 81 344 64 N S 0
114 80 46 65 N S 1
Site 13 118 89 29 55 N S 1 Mio. -88.7943 14.0216
288 86 203 49 u S 1
311 58 232 17 N S 1
79 66 134 52 N S 1
118 89 29 55 N S 1
266 86 181 52 X S 1
287 80 203 29 N S 0
334 69 D 1
334 69 D 1
260 87 D 1
311 54 D 1
300 85 D 1
110 82 D 1
130 89 D 1
Site 15 6 76 94 7 N S 1 Mio. -88.7943 14.0216
10 84 97 25 X S 1
200 77 111 5 X S 1
42 78 126 24 X S 1
Site 18 38 84 J 1 Mio. -88.1683 13.8112
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
42 81 J 1
33 80 J 1
31 89 J 1
44 80 J 1
214 89 J 1
48 65 J 1
198 84 J 0
240 80 J 0
20 66 J 0
Site 19 312 89 X SP 1 Mio. -87.8955 13.2848
304 84 X SP 1
189 89 X SP 1
78 67 160 18 XX S 1
84 67 165 20 XX S 1
86 64 163 25 XX S 1
88 68 161 37 XX S 1
22 75 107 17 XX S 1
54 59 81 56 XX S 1
0 53 329 49 XX S 1
314 79 X SP 1
128 84 X SP 1
139 80 X SP 1
140 79 X SP 1
5 71 X SP 1
6 86 X SP 1
182 79 X SP 1
8 74 X SP 1
10 88 X SP 1
16 85 X SP 1
248 53 X SP 2
258 65 X SP 2
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
272 60 X SP 2
58 79 X SP 2
44 89 X SP 2
41 85 X SP 2
43 84 X SP 2
30 74 X SP 2
51 73 X SP 2
276 52 X SP 2
42 65 X SP 2
118 84 177 78 N S 3
114 82 114 82 N S 3
251 79 x SP 3
249 78 X SP 3
238 65 X SP 3
304 74 X SP 3
328 79 X SP 3
320 62 X SP 3
108 89 X SP 0
182 56 X SP 0
218 50 X SP 0
239 46 X SP 0
159 79 X SP 0
84 38 X SP 0
234 17 X SP 0
358 60 X SP 0
Site 20 24 67 SP 1 Mio. -88.1441 13.3327
39 80 SP 1
18 88 SP 1
201 89 SP 1
27 75 SP 1
38 74 SP 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
37 88 SP 1
207 83 SP 1
37 89 SP 1
30 84 SP 1
15 81 SP 1
36 69 SP 1
30 80 110 45 XX S 1
35 88 96 86 ND S 1
26 88 100 83 ND S 1
37 79 315 36 NS S 1
140 69 SP 1
132 44 SP 1
140 66 SP 1
138 75 SP 1
144 82 SP 1
120 30 SP 1
65 80 7 72 NS 0
201 89 225 89 ND 0
236 89 0
356 71 0
295 88 0
Site 21 194 72 33 116 I S 1 Mio. -88.3299 13.8065
192 60 29 121 I S 1
252 80 10 340 I S 1
41 64 N SP 1
42 66 56 91 N S 1
1 73 0 271 I S 1
261 84 20 349 I S 1
10 89 20 100 X S 1
289 43 42 303 ND S 1
42 73 X SP 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
208 72 X SP 1
248 86 X SP 1
84 52 23 154 IS S 1
36 74 5 125 ND S 1
200 84 111 7 I S 0
Site 24 112 70 33 28 s S 1 Mio. -88.6498 13.8913
99 66 20 23 s S 1
114 85 203 9 s S 1
Site 25 258 76 SP 1 Mio. -89.3615 14.2632
256 54 SP 1
258 60 SP 1
210 81 SP 1
208 69 SP 1
202 84 125 65 XX S 1
256 62 SP 1
200 64 SP 1
248 67 SP 1
210 66 SP 1
222 61 SP 1
228 66 SP 1
251 75 SP 1
209 87 SP 1
258 53 SP 1
249 72 SP 1
223 79 SP 1
216 73 SP 1
199 81 SP 1
213 67 SP 1
215 72 SP 1
258 73 SP 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
247 46 SP 1
45 89 315 10 XX S 1
92 80 SP 2
300 88 45 28 ND S 2
84 85 SP 2
130 66 SP 2
153 29 SP 2
193 83 SP 2
135 78 SP 2
120 81 SP 2
105 80 SP 2
109 83 SP 2
231 78 15 144 XX S 2
218 79 69 158 NS S 3
209 79 62 140 NS S 3
250 89 55 339 ND S 3
8 38 SP 3
119 40 SP 3
299 58 SP 3
192 82 76 246 ND S 3
108 85 30 21 ID 0
230 82 51 310 ND 0
52 89 X 0
194 72 34 271 ND 0
Lempa 15 85 15 85 N S 1 Holo. -88.5728 13.6077
75 68 75 68 N S 1
40 75 29 75 S S 1
42 80 345 72 S S 1
130 84 C=115 S 1
20 87 C=90 S 1
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
Cacao 120 80 20 34 NS S 1 Holo. -89.1398 13.7374
90 60 20 12 NS S 1
230 75 43 155 NS S 1
15Sep.W 200 70 65 162 SN S 1 Holo. -88.5693 13.6163
200 65 58 159 SN S 1
200 65 65 200 SN S 1
10 84 69 84 SN S 1
20 85 27 107 SN S 1
170 75 N SP 1
15 60 N SP 1
Desagüe 244 82 15 332 XX S 1 Holo. -88.9592 13.671
88 80 14 0 XX S 1
87 80 39 5 XX S 1
310 80 20 224 XX S 1
200 68 59 247 XX S 1
270 55 SP 1
Carmen 130 86 48 64 ID S 1 Holo. -88.8667 13.6628
150 80 167 80 ND S 1
170 78 257 15 ND S 1
60 64 38 62 NS S 1
195 78 156 75 XX S 1
65 70 103 65 XX S 1
230 75 230 75 NX S 1
165 80 222 72 ND S 1
265 37 N SP 0
58 78 N SP 1
165 65 N SP 0
300 80 N SP 0
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Site ID. Dip Dir. Dip Azimuth Plunge Sense Style Subset Age Lon. Lat.
Pan103 245 75 75 241 XX S 1 Holo. -88.4407 13.5571
185 80 80 185 N S 1
190 80 N SP 1
210 82 N SP 1
283 72 72 280 XX S 1
280 75 74 261 NS S 1
La Leona 80 20 16 120 ND S 0 Holo. -88.8148 13.6659
357 60 56 27 ND S 1
230 76 72 269 ND S 1
5 80 76 50 ND S 0
174 64 X SP 1
200 80 X SP 1
220 82 X SP 1
195 85 X SP 1
162 88 X SP 1
210 70 35 135 XX S 1
172 85 73 245 ND S 1
145 80 75 195 XX S 1
330 74 69 10 XX S 1
155 75 52 225 ND S 1
175 80 63 245 ND S 1
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Aplicaciones a la amenaza sísmica
En este capítulo se presenta un artículo en el cual he colaborado a la hora de para-
metrizar la actividad de las fallas que forman la Zona de Falla de El Salvador. Se
pretende hacer una propuesta de escenarios plausibles y cálculo de aceleraciones
asociadas a eventos desfavorables en el arco volcánico. Los escenarios propuestos se
basan en la sección 6.1, un artículo en los cual mi labor ha sido la adquisición de datos
paleosísmicos y su interpretación e integración en un modelo de ruptura para la
ZFES; así como parametrizar la actividad de las fallas activas que hemos considerado
a partir de la cartografía en base a modelos digitales (capítulo 3) y síntesis de datos
previos (Canora, 2010).
El apartado 6.1 está formado por el artículo titulado:
Canora, C., Martínez-Díaz, J.J., Insua-Arévalo, J.M., Álvarez-Gómez, J.A., Villamor,
P., Alonso-Henar, J., Capote-Villar, R. (2014) The 1719 El Salvador Earthquake: An
M > 7 :0 Event in the Central American Volcanic Arc?. Seismological Research
Letters Volume 85, Number 4 , pp. 784-793.
Presentamos una lista de fuentes sísmicas en El Salvador junto con sus parámetros
geométricos y tasas de deslizamiento estimadas (tabla 6.3) y cálculos de PGA para
los escenarios propuestos en el apartado 6.1.
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6.1. The 1719 El Salvador Earthquake: An M > 7.0 Event
in the Central American Volcanic Arc?
Carolina Canora (a), José Jesús Martínez-Díaz (b) , Juan M. Insua-Arévalo (b), José
António Álvarez-Gómez (b), Pilar Villamor (c), Jorge Alonso-Henar (b),Ramón
Capote-Villar (b).
(a)Departamento de Física Instituto Superior Técnico de Lisboa Av. Rovisco Pais 1 1049-001 Lisboa,
Portugal (b) Departamento de Geodinámica Universidad Complutense de Madrid (c) Spain Pilar
Villamor GNS Science, Lower Hutt, New Zealand
6.1.1. Introduction
In the regions where few field neotectonics and paleoseismic studies have been per-
formed (e.g., Central America), the interpretation of the seismic sources responsible
for the historical (preinstrumental) catastrophic earthquakes lies almost entirely in
the spatial distribution of damage interpreted from historical sources, mainly frag-
mentary written documents. The occurrence of catastrophic earthquakes affecting
this region justifies the necessity of a deeper analysis of the geologic implications of
the more significant historical earthquakes in light of the new insights. Recent ad-
vances in the identification and dating of surface-rupture evidences along the central
El Salvador volcanic arc led us to revisit some historical evidence of damage along
this region and to combine geologic (paleoseismic) evidence with damage distribu-
tion. At least 11 destructive earthquakes have occurred in El Salvador since 1900
(White and Harlow, 1993; Fig. 6.1.1). These events caused more than 3000 deaths
as a consequence of strong ground motions and/or subsequent landslides (Bommer
et al., 2002). The instrumental earthquake record shows that large (MW > 7) events
occurred as reverse fault events along the interface between the subducted plate and
the over-riding continental plate or as normal-faulting events within the subduction
plate resulting from extensional forces generated by slab-pull forces or by bending
of the subduction plate (Álvarez-Gómez, 2009). Onshore, instrumental earthquakes
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have been reported with moderate magnitudes (MW < 6.6) in association with the
highly seismic volcanic arc area. Preinstrumental historical records larger than MW
> 7.0 usually have been assigned to the subduction zone, whereas historical records
with MW < 7.0 have been assigned to the volcanic arc regions (White et al., 1987;
Dewey and Suárez, 1991; Harlow et al., 1993; White and Harlow, 1993). However,
paleoseismic studies provide evidence of large earthquakes (Mw > 7.0) associated
with the rupture of the El Salvador fault zone (ESFZ; Canora et al., 2012). This fault
zone has a complex structure composed five segments, dominated by east–west to
east-southeast–west-northwest strike-slip faults. The total structure extends for 150
km through central El Salvador. Some of those large surface-rupture events are dated
to the eighteenth century and later, opening the possibility of reinterpreting histori-
cal destructive events that were previously located using only damage distribution.
The last two destructive earthquakes occurred on 13th January and 13th February
2001. The MW 7.7 January event ruptured part of the subducting plate and caused
around 944 deaths in El Salvador, mainly from triggered landslides (Bommer et al.,
2002). The M w 6.6 February event struck the central part of El Salvador and caused
another 315 deaths, thousands more injuries, and extensive damage (Fig. 6.1.1). This
earthquake was associated with the reactivation of the San Vicente segment of the
ESFZ (Canora et al., 2010).
The ESFZ is a major structure in the Central American volcanic arc associated with
high rates of historical seismicity. Global Positioning System velocity data indicate
strain accumulation rates of 9–10 mm/yr for the ESFZ (Alvarado et al., 2011). The
San Vicente segment is an east–west-oriented right-lateral strike-slip fault that ex-
tends more than 20 km from the Ilopango caldera to the city of San Vicente (Fig.
6.1.2a). Paleoseismic studies undertaken on this fault segment after the 2001 earth-
quake (Canora et al., 2012) found only subtle evidence of the 2001 rupture in the
trenches but substantially large coseismic displacements for previous events, sug-
gesting that prior ruptures along the ESFZ could have been associated with earth-
quakes much larger than the 2001 MW 6.6 event.
In this paper, we analyze a new trench excavated at the site on the ESFZ with the
highest surface expression of the February 2001 MW 6.6 El Salvador earthquake, in
order to compare the event displacement with the magnitude. Then we review the
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Figure 6.1.1: Shuttle Radar Topography Mission image of El Salvador with loca-
tions of historically destructive earthquakes and instrumental earthquake epicenters
(period 1977–2001) from the U.S. Geological Survey’s National Earthquake Infor-
mation Center catalog. Smaller focal mechanism symbols are for events of M w >
5:5 (1977–2001; Global [formerly Harvard] Centroid Moment Tensor database), and
larger focal mechanism symbols are for events of M w > 6:5 (from Buforn et al., 2001).
The white dashed line shows the El Salvador border. The inset shows the study area
location with the tectonic plates, major crustal blocks, and faults of northern Central
America. The arrows show relative displacements.
historical record of destructive earthquakes in El Salvador, reinterpret the damage
distribution, and compare them with the previous paleoseismic event displacements
and ages to evaluate if any of those large historical events occurred on the ESFZ. We
also construct a new isoseismal map for the 6 March 1719 earthquake that suggests
the damage reported could have been a consequence of rupture of the ESFZ rather
than of subduction zone. We thus challenge the traditional assumption that only the
subduction zone is capable of generating earthquakes of magnitude greater than 7.0
in this region.
The assumption of a greater maximum potential magni- tude than that considered
until now for earthquakes associated with the faults located along the Salvadorian
197
Capítulo 6 Amenaza Sísmica
volcanic arc has important implications in seismic-hazard assessments in this region.
6.1.2. Paleoseismicity: Finding large events along the ESFZ during
historical times
Previous studies carried out paleoseismic analysis along the San Vicente segment
of the ESFZ (Fig. 6.1.2b), the segment responsible for the 2001 MW 6.6 earthquake,
to assess the recent rupture history of that part of the fault (Canora et al., 2012).
To determine the timing of large earthquakes, Canora (2011) identified and dated
stratigraphic units that were displaced by the fault (Figs. 6.1.3 and 6.1.4). Ages for
stratigraphic units in the trenches either come from the identification of known air-
fall tephra in the trenches (e.g., Dull et al., 2001; Hernández, 2004) or by radiocarbon
dating of organic samples in the trench sediments (Canora et al., 2012). From this
study, at least seven events were identified on the San Vicente segment of the ESFZ
in the last ∼ 8 ka (Figs. 6.1.3, 6.1.4, and 6.1.5).
Despite the existence of morphological evidences and eyewitness descriptions of
cracking along the fault zone during the February 2001 MW 6.6 earthquake, the sur-
face rupture was not observed clearly on most of the trench walls (Fig. 6.1.3) (Canora,
2011). This can be explained by the very small vertical offset on the fault that pro-
duced an almost pure strike-slip movement, with a maximum horizontal offset of
0.6 ± 0.1 m (Canora et al., 2010).
To quantify the single-event displacement associated with the February 2001 earth-
quake, we excavated a new trench (Buenavista trench) at the place where the surface
evidence of slip was more conspicuous and the lithological conditions were more
adequate to observe subtle deformations (Fig. 6.1.2b). In this trench, the 2001 event
is observed as a small fracture with 0.1 ± 0.05 m of vertical displacement (Fig. 6.1.6)
and a net slip of 0.5± 0.1 m. Single-event displacements of older earthquakes iden-
tified in the trenches appear to be highly variable, with a net slip ranging from 0.6±
0.1 to 9.6± 1.5 m (Fig. 6.1.5). It is possible that the largest single-event displacements
either represent more than individual events on the San Vicente segment or events
that ruptured multiple fault segments (Canora et al., 2012). Although the uncertain-
ties in the estimation of net slip in strike-slip faults using paleoseismic trench data
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Figure 6.1.2: A. El Salvador active fault traces (black lines) and main fault traces
(white lines), with segments of the ESFZ overlaid onto a 10 m resolution Digital
Terrain Model (DTM) derived from a 1:25,000 topographic map. B. Fault traces, pa-
leoseismic trench sites, and surface ruptures of the February 2001 earthquake on the
San Vicente segment.
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Figure 6.1.3: Logs of the El Carmen and Olivar trenches and the Camino exposure
studied on the San Vicente segment of the El Salvador fault zone (ESFZ).
are important, the large single-event displacements (2.3± 0.5 and 3.7± 0.7 m net dis-
placements in Fig.6.1.5), together with empirical relations (Wells and Coppersmith,
1994), suggest the occurrence of at least two earthquakes with MW > 7 in the last 1.5
ka (Canora et al., 2012).
6.1.3. Historical seismicity: Bringing the 1719 earthquake to the
mainland
The historical record in El Salvador covers the last ∼500 years; thus, it could be
possible that one of the events recorded in the paleoseismic analysis could also be
recorded in the historical documents. We investigated historical and instrumental
seismic catalogs compiled by different national and international institutions (data
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Figura 6.1.4: Summary of the amount and timing of fault ruptures based on the
trenches excavated on the San Vicente segment of the ESFZ. (SED. single-event dis-
placement in meters.)
available online at http://www.snet.gob.sv/ver/sismologia/registro/estadisticas/,
http://neic.usgs.gov/, and http://www.isc.ac.uk/; last accessed December 2013),
and we also reviewed the related literature (Bustillo, 1774; Montessus de Ballore,
1884; Díaz, 1930; Lardé-Larín, 1978; Martinez and Maximiliano, 1978; Harlow et al.,
1993; White and Harlow, 1993; Peraldo and Montero, 1999; Ambraseys and Adams,
2001; Dewey et al., 2004; White et al., 2004). The spatial distribution of damage
used in those studies is not precise enough to provide a unique interpretation of
the earthquake source associated with some of the large events, specifically the 1719
earthquake. Bustillo (1774) and Montessus de Ballore (1884) created the first earth-
quake catalogs for the region, but the majority of the information concerns the largest
cities. Later, Martinez and Maximiliano (1978) and Lardé-Larín (1978) introduced
more extensive descriptions of earthquake damage into their catalogs, using data
from primary sources. Peraldo and Montero (1999) and White et al. (2004), together
with Lardé-Larín (1978), have been key sources of data for this study.
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Figura 6.1.5: Summary of the amount and timing of fault ruptures based on the pale-
oseismic analysis of the trenches excavated on the San Vicente segment of the ESFZ.
(SED, single-event displacement in meters.)
The penultimate event (MW 7.1 ± 0.1; magnitude derived from regressions of Wells
and Coppersmith, 1994) found in the paleoseismic trenches (event 2 in Fig. 6.1.3)
occurred between A.D. 1485 and 1803. This major event must be registered in the
historical catalogs. We hypothesize that this event could be correlated with the 6
March 1719 earthquake recorded in the historical seismic catalogs. Based on the his-
toric records, some authors have proposed that the subduction zone was the source
of this earthquake (see Peraldo and Montero, 1999; White et al., 2004), and assigned
a Ms 7.2 based on MMI VII contour area of 9243 km2.
Peraldo and Montero (1999) created an isoseimal map for the 1719 event based on
macroseismic parameters taken from the historical sources. To evaluate the validity
of this isoseismal map in assessing the position of the seismic source, we analyze the
damage distribution produced by the two destructive earthquakes that occurred in
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Figura 6.1.6: Paleoseismic Buenavista trench log on the San Vicente segment of the
ESFZ.
2001 in El Salvador (Fig. 6.1.7a,b). The El Salvador Centro de Investigaciones Geotéc-
nicas (CIG) made preliminary isoseismal maps for the January and February 2001
earthquakes that were published on the Internet (http://www .snet.gob.sv/ Geolo-
gia/Sismologia/isosista_2001.htm, last accessed December 2013). These events can
be used as a modern analog of damage distribution for historical events.
The MMI contours of the 13 January Mw 7.7 earthquake source, located in the sub-
duction zone, are open to the south of the country (Fig. 6.1.7a), whereas the MMI
contours of the February M w 6.6 earthquake close around the epicenter are lo-
cated within the volcanic arc (Fig. 6.1.7b). In Figure 6.1.7a and 6.1.7b, we have
included a Kriging interpolation of the peak ground acceleration spatial distribution
for the 2001 earthquakes with data taken from Bommer et al. (2002) and Salazar and
Seo (2003). The isoseismal geometry is fairly coherent with the spatial distribution
of maximum horizontal accelerations recorded. Seismic intensity (MMI) and peak
ground acceleration (PGA) are two parameters that describe the degree of ground
shaking for earthquakes and depend largely on local factors. No relationship be-
tween PGA and MMI exists for El Salvador, and those that best-fit are proposed by
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Wald et al. (1999) for California and Linkimer (2008) for Costa Rica.
There are some difficulties in relating PGA and MMI. Seismic intensity considers a
subjective description of human response to ground shaking and a description of
building damage. Therefore, numerous factors may affect the MMI estimate at a
particular site. On the other hand, PGA simplifies the complexity of ground shaking
without considering factors such as duration, spectral content, and resonance that
may considerably affect the MMI estimate. Furthermore, PGA only refers to a max-
imum value at a single point, as opposed to MMI, which refers to a maximum or
average level of damage and earthquake effects throughout an area.
Given these considerations, if we consider the 1719 earthquake as a subduction
event, the PGA–MMI relationship indicates that the ground acceleration should have
been much higher in the Salvadorian coast than around San Salvador or San Vicente.
This would result in extensive damage to coastal communities such as La Libertad
and Acajutla. We know that these communities were important commercial harbors
at the time of the earthquake (Gerhard, 1960; Fondo de Inversión Social para el De-
sarrollo Local [FISDL], 2006a; Casa Cultura de la Libertad, 2008; León-Sáenz, 2010);
however, we could not find any record of damage at these locations, which leads us
to believe that there was no damage or the damage was not significant enough to be
recorded.
The contour map defined by Peraldo and Montero (1999) for the 6 March 1719 earth-
quake shows the MMI VII contour opened to the south, as expected from a source
located in the subduction zone (Fig. 6.1.7c). However, as already mentioned, we
have not found any descriptions of damage or seismic effects in the analyzed his-
torical documents in the southern part of El Salvador, the area that would be closer
to the epicenter assuming a subduction source. Peraldo and Montero (1999) even
said that, “looking closely the earthquake damage reports, only the San Salvador
and San Vicente area suffered significant damage.” Moreover, the isoseismal map
and the acceleration map produced by the January 2001 M w 7.7 subduction earth-
quake corroborate that this kind of event should produce significant damage in the
coastal region of El Salvador (Fig. 6.1.7a). To clarify this inconsistency in the 1719
earthquake damage distribution, we reanalyzed the damage descriptions in the doc-
uments and reinterpret the intensity data (Table 6.1). Peraldo and Montero (1999)
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and White et al. (2004) indicate an MMI of VIII for Zacatecoluca, referring to White
and Cifuentes (1988). This work is unpublished, so we could not identify the pri-
mary data source for the Zacatecoluca damage. In our research, we have found no
reference to damages in this location. We believe that, if there had been an intensity
in Zacatecoluca equal to that of San Salvador and San Vicente, there would have
been some evidence of damage recorded, since Zacatecoluca by then was an impor-
tant town in El Salvador, with higher population than San Vicente (Browning, 1975;
Cortes y Larraz, 1985; FISDL, 2006b).
Area Description of Damage Eartquake Intensity (MMI)
San Salvador Entirely ruined VIII
San Vicente Entirely ruined VIII
San Miguel Slightly damaged VI
Santa Ana Slightly damaged VI
Apastepeque Ruined VII-VIII
San Cayetano Istepeque Very badly affected VII
San Martín Perulapán Ruined VII-VIII
Zacatecoluca Slightly damaged VI
Cojutepeque Very badly affected VII
Sonsonate Cracked, minor damaged VI
Table 6.1: Information from Felt Reports to Estimated Relative Intensities Associated
with the 6 March 1719 Earthquake. The maximum intensity of VIII occurred in the
central part of El Salvador. Earthquake intensity reflects the observed physical effects
and damage related to local ground shaking as described in the modified Mercalli
intensity scale.
Lardé-Larín (1978) and Peraldo and Montero (1999) compiled some descriptions of
large fractures, liquefaction zones, and a sulphuric gas leak produced by the 6 March
1719 earthquake, as well as the destruction of numerous buildings, including houses,
churches, and monasteries, especially in the cities of San Salvador and San Vicente.
These authors also described a large number of foreshocks and aftershocks felt in
the area. The number of deaths at the time of the mainshock was unexpectedly low
(seven deaths) for the size of the event, possibly as a result of the warning effect
resulting from the 150 felt foreshocks (Lardé-Larín, 1978). The earthquake occurred
on Monday at about 1:00 a.m. Probably the population, alerted by the foreshocks,
was spending the night on the streets at the time of the earthquake. In addition, the
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event occurred at the end of the dry season, so could have involved a low number
of geotechnical effects (e.g., landslides and lateral spreading) associated with the
earthquake. In El Salvador, landslides caused by earthquakes raised the number of
deaths and injuries (Bommer and Rodríguez, 2002). The absence of large landslides
associated with the earthquake of 1719 (if it happened) could also have contributed
to the low number of victims.
The descriptions of the 1719 earthquake effects around the cities of San Salvador and
San Vicente (Lardé-Larín, 1978; Peraldo and Montero, 1999) are very similar to those
reported after the February 2001 earthquake in terms of damage distribution. We
constructed a new isoseismal map (Fig. 6.1.7d) based on physical effects and damage
data found in the literature (Table 6.1). We used a Kriging interpolation method that
is considered an adequate technique in macroseismology (Schenková et al., 2007).
In Figure 6.1.7d, the isoseismals show slight west–east orientation controlled by the
distribution of MMI VIII, which form two spots in the meizoseismal area. This iso-
seismal geometry is coherent with the position of the ESFZ in the central part of the
country and similar to the damage produced by the February 2001 earthquake (Fig.
6.1.7b).
6.1.4. Discussion and conclusions
Active faults in volcanic arc regions usually are not considered capable of generat-
ing large-magnitude shallow earthquakes due to mechanical conditions of the crust.
However, recent paleoseismological studies on the ESFZ support the proposal that
large earthquakes can occur in the central Salvadorian region (Canora et al., 2012).
This inconsistency may be related with the kinematics of the ESFZ. In El Salvador,
there are evidences of weak subduction coupling (Pacheco et al., 1993; Guzmán-
Speziale and Gómez-González, 2006; Álvarez-Gómez et al., 2008; Correa-Mora et al.,
2009), hence the state of the stress in the volcanic arc depends on the tensional forces
due to the drift of the Caribbean plate toward the east (Álvarez-Gómez et al., 2008).
In this context, the ESFZ is a strike-slip transtensional fault that represents a plate’s
limit between the fore-arc sliver and the Chortis block. Therefore, the seismic behav-
ior of the ESFZ is not that expected for volcanic arc faults, and this could be a reason
for the occurrence of Mw ≥ 7 earthquakes in the El Salvador volcanic arc.
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It was not until the occurrence of the February 2001 Mw 6.6 earthquake that the ESFZ
was defined (Martínez-Díaz et al., 2004), and consequent studies identified it as a
source of large strike-slip earthquakes (Canora et al., 2010). Several segments of
the ESFZ form part of a large dextral strike-slip system within the active volcanic
arc of El Salvador. The 2001 M w 6.6 earthquake was a moderate-size event, but it
produced significant damage and thousands of injured. Earlier events that occurred
during the last 1500 years show displacements ranging from ∼ 0.6 m to as much as
3.7 m, suggesting that the fault is capable of generating surface-rupture earthquakes
of Mw > 7.0 (Canora et al., 2012). An example of these large events might be the 6
March 1719 earthquake.
Peraldo and Montero (1999) calculated a magnitude Ms 7.2 for the 1719 earthquake,
assuming that it was a subduction intraplate event and entering a maximum inten-
sity value of VIII. They claim that large surface earthquakes in the subduction zone
generate higher intensities in the coastal zone and decrease in intensity further in-
land. We agree with this statement; however, in the case of the 1719 earthquake,
we found no evidence that the maximum intensities occur in the coast and decrease
inland, as there are several ancient populations in the coastal zone (e.g., La Libertad
and Acajutla) in which no damage from this event was reported.
Comparing the MMI VII contour area for the March 1719 earthquake from our iso-
seismal map (Fig. 6.1.7d) with that of the February 2001 earthquake (Fig. 6.1.7b), we
can conclude that the 1719 event must have had a greater magnitude than Mw 6.6.
To attempt to determine the magnitude for the 1719 earthquake, we analyzed the
empirical relationships between the area covered by the isoseismal and the magni-
tude defined in North and Central America (Bollinger et al., 1993; Suter et al., 1996),
and we used the February 2001 earthquake to check its validity for El Salvador. We
found that these relationships clearly underestimate the magnitude, which may be
explained by the greater energy attenuation in the Salvadorian volcanic arc, prob-
ably due to high structural complexity bound to a strong lithological anisotropy in
surface levels. The relationship defined by Bollinger et al. (1993) for crustal earth-
quakes is the best fit for El Salvador. However, this relationship indicates a magni-
tude of about 6.0 if we use the MMI VII area, and even lower if we use the MMI VI
area, for the February 2001 Mw 6.6 El Salvador earthquake (Fig. 6.1.8). Using the
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Bollinger et al. (1993) relationship, we calculated an Mw 6.6–6.8 for the 1719 event
(Fig. 6.1.8) for the isoseismal areas proposed in this paper (Fig. 6.1.7d). It is true that
the scatter of the data used by Bollinger et al. (1993) is significant, so the real magni-
tude for the February 2001 El Salvador earthquake can be included in the standard
deviation associated with these relationships. Despite this, we consider these em-
pirical relationships underestimate the magnitude in El Salvador; therefore, the 1719
Mw event may have reached a moment magnitude greater than 6.8, and it is possible
that it was greater than 7.0.
Figure 6.1.8: Empirical relationship between the moment magnitude and the MMI
VII and VI areas from Bollinger et al. (1993). Large black stars represent the February
2001 El Salvador earthquake according to the empirical relationship, and gray stars
show the real magnitude and isoseismal area for this event. The large circles repre-
sent the March 1719 earthquake according to data from this study, and the triangle
shows this same event according to Peraldo and Montero (1999) data.
The isoseismal map from this study indicates that the source of this earthquake could
have been a large (Mw ≥ 6.8), shallow (< 20 km depth) rupture within the volcanic
arc of El Salvador, and this is coherent with a fault source located in the ESFZ. The 6
March 1719 earthquake could correspond with one of the ruptures identified in the
San Vicente segment of the ESFZ due to its age and displacement.
In order to improve the seismic-hazard assessment in the area, we calculated a range
of expected maximum magnitudes and recurrence intervals for large earthquakes on
the ESFZ (Table 6.2) based on available information, such as fault length and fault
displacements (Canora et al., 2010), events recognition, measurement and dating
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(Canora et al., 2012), and fault slip rates (C. Canora et al., unpublished manuscript,
2013). Once again, we used the February 2001 earthquake to check the validity of
the existing empirical relationship and those that best fit for El Salvador are included
in Table 6.2. Recurrence intervals arising from the empirical relationships for large
earthquakes are consistent with the data obtained from paleoseismic studies (recur-
rence interval of 750 years for Mw > 7 earthquakes; Canora et al., 2012). Earthquake
hazard and risk in the vicinity of the ESFZ should be analyzed considering these
new insights. Especially given that some of the faults that form this structure are
found in the vicinity of large cities such as San Salvador, with a population of > 2
million people.
Mapped Lengths SRL Mw∗ Mw† Mw‡ RI1p (yr) RI2p(yr) RI3p (yr)
San Vicente segment 21 6.6 6.7 6.5 328 465 236
San Vicente and 49 7.1 7.0 6.9 766 602 442
Lempa segments
San Vicente, Lempa 73 7.3 7.2 7.1 1141 680 593
and Berlin segments
San Vicente, Lempa, Berlin 123 7.6 7.4 7.4 1922 797 872
and San Miguel segments
Table 6.2: Earthquake Moment Magnitudes (Mw ) and Recurrence Intervals (RI) De-
rived from Scaling Relationships for Mapped Lengths and for Fault Parameters from
Paleoseismic Studies of the El Salvador Fault Zone. ∗Mw = 4.18 + 2/3 log(W) +
4/3 log(L), Stirling et a. (2008) in kilometres, Mw, moment magnitude; W , seismo-
genic width (10 km); L, surface rupture length (km). †Mw = 5,56 + 0,87 log L (Wes-
nousky, 2008). L, surface rupture length (km). ‡Mw = 5,12 + 1,16 log L− 0,20 log(S)
(Anderson et al., 1996). L, surface rupture length (km); S, slip rate (5 mm/yr).
pRI = M0/M˙0; log M0 = 1,16 + 1,5Mw(Hanks and Kanamori, 1979); M˙0 = µAs˙
(Brune, 1968). M0, seismic moment (dyn·cm); M˙0, seismic moment rate; µ, average
shear modulus; A, fault rupture area; and s˙ , average slip during the earthquake. Rl1,
Rl2and Rl3 are recurrence intervals based on the magnitudes calculated using the
empirical relationships of Stirling et al. (2008), Wesnousky (2008), and Anderson et
al. (1996), respectively.
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6.2. Fuentes sísmicas en El Salvador.
El análisis de la amenaza sísmica en América Central se comienza a desarrollar a
partir de los años 80, ya que el contexto socio-político en esta región impidió que se
desarrollasen estudios de esta clase hasta finales de esta década. En Algermissen et
al. (1988) se hace el primer estudio de amenaza sísmica en El Salvador, seguido de
Alfaro et al. (1990), Singh et al. (1993) y Bommer et al. (1996). El creciente desarrollo
metodológico del análisis probabilista lleva a un estudio más reciente que sigue la
linea metodológica conocida como PSHA (de su acrónimo en inglés “Probabilistic
Seismic Hazard Assessment”) con un modelo de sismicidad zonificado bajo el marco
del proyecto RESIS II, que recoge gran parte de sus resultados en el libro “Amenaza
sísmica en América Central” (Benito y Torres, Ed., 2012) y Benito et al. (2010).
Los métodos zonificados consideran que la sismicidad se distribuye en zonas sis-
mogenéticas de potencial sísmico uniforme, sin tener en cuenta explícitamente las
fallas activas como fuentes independientes. Estos métodos se desarrollaron a partir
de los años 60, debido a la limitación existente por la ausencia de datos cinemáticos
de las fallas para poder incluirlas en los estudios de peligrosidad como las fuentes
reales de sismos. Sin embargo, en las últimas décadas se han incrementado los estu-
dios de paleosismicidad y medidas GPS que llevan al conocimiento de parámetros
tales como la tasas de deslizamiento y el periodo de recurrencia de las fallas activas,
permitiendo así la modelización de las fuentes para el cálculo de peligrosidad.
El conocimiento detallado de la cinemática de las fallas es fundamental para mejorar
las estimaciones de amenaza sísmica y caracterizar mejor los movimientos espera-
dos por sismos futuros. En este contexto, una labor importante a llevar a cabo es la
parametrización de las fallas de El Salvador. El aumento del conocimiento de la Zona
de Falla de El Salvador aporta los parámetros geométricos y tasas de deslizamien-
to necesarias para poder proponer fuentes sísmicas independientes en el cálculo de
amenaza.
Staller (2014) hace un cálculo probabilista en base a los parámetros que calcula gra-
cias a la red GPS ZFESNet. Los cálculos se hicieron teniendo en cuenta únicamente la
actividad de las fallas intraplaca. Emplearon un modelo de recurrencia de la sismici-
dad dependiente del tiempo y consideraron el ciclo sísmico de las fallas. Los cálculos
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se hicieron variando ciertos parámetros cinemáticos con el fin de analizar su influ-
encia en el cálculo de la amenaza. Los resultados muestran una gran variabilidad en
función de en que fase del ciclo sísmico nos encontremos. Como no se disponía de
este dato para todas las fallas, Staller (2014) plantea que un escenario realista sería el
obtenido integrando los datos de fallas de las cuales se conoce en qué momento del
ciclo sísmico nos encontramos (San Vicente, Guaycume y El Triunfo) e incluyendo
el resto de fallas a mitad de su ciclo sísmico. De este modo obtienen aceleraciones
de 0.36g con una probabilidad de excedencia del 10 % en 50 años y de 0.48g con una
probabilidad de excedencia del 20 % para 100 años.
A partir de los resultados de la sección 6.1 y del análisis morfotectónico del capítulo
3, presentamos una lista de fallas intraplaca en forma de síntesis que consideramos
activas y que deben ser tenidas en cuenta en un cálculo de amenaza sísmica para
El Salvador. Estas fallas se encuentran en la figura 6.2.1 y sus parámetros principales
están listados en la tabla 6.3. No es objetivo de esta tesis hacer un cálculo probabilista
de amenaza sísmica detallado, pero sí hacer una propuesta de fuentes sísmicas y sus
características necesarias para futuros cálculos de amenaza sísmica. La aplicación
que si presentamos son cálculos deterministas teniendo en cuenta los escenarios que
se plantean en la sección 6.1.
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Figura
6.2.1:Fuentes
sism
ogénicas
en
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Cuadro 6.3: Parámetros de las fallas activas de El Sal-
vador. SRL: Surface Rupture Length; SR: Slip Rate es-
timado. W&C: Wells y Coppersmith (1994). ∗Stirling et
al., 2008. Id. de las fallas en Figura 6.2.1.†Dato a par-
tir de GPS, Staller (2014). •Dato de Canora et al. (2012).
◦Dato obtenido en el cap. 3.
Id. Fault name Sector/Segment Dip Dip Dir. SRL(km) SR(mm/yr) Mw (W&C) Mw± 0.30∗
1 Intipucá Intipucá 70 18 27.6 1 6.77 ± 0.28 7.03
2 Olomega Intipucá 70 48 13.8 0.5 6.36 ± 0.34 6.79
3 La Quesadilla Intipucá 70 50 12.6 0.5 6.31 ± 0.34 6.76
4 El Zapote Intipucá 70 275 15.0 0.5 6.41 ± 0.34 6.82
5 Conchagua Intipucá 70 279 12.9 0.5 6.32 ± 0.34 6.77
6 Chilanguera Intipucá 80 30 6.1 0.5 5.89 ± 0.34 6.51
7 Río Grande Intipucá 70 39 15.9 1 6.50 ± 0.28 6.84
8 El Espino Intipucá 70 18 19.8 1 6.61 ± 0.28 6.92
9 Chirilagua Intipucá 70 257 11.0 0.5 6.24 ± 0.34 6.71
10 Guachipilín Lempa 70 206 21.5 1 6.62 ± 0.34 6.95
11 El Tecomatal Lempa 70 312 18.9 1 6.54 ± 0.34 6.90
12 El Pulguero Lempa 70 196 8.2 3 6.18 ± 0.28 6.61
13 Guaycume Western 80 198 35.9 10 ± 2† 7.12 ± 0.28 7.12
14 Comecayo Western 70 186 17.5 3 6.67 ± 0.28 6.87
15 Ilmatepec W Western 70 74 15.4 2 6.43 ± 0.34 6.83
16 Ilmatepec E Western 70 253 10.1 2 6.23 ± 0.34 6.71
17 Apaneca Western 70 41 11.5 1.5 6.26 ± 0.34 6.73
18 Comasagua Western 70 5 6.8 1.5 6.54 ± 0.28 6.54
19 El Zacamil Western 70 89 13.3 6.34 ± 0.34 6.78
20 Ilobasco North Lempa 70 103 10.9 0.5 6.23 ± 0.28 6.71
21 Sensuntepeque North Lempa 70 167 11.9 0.5 6.28 ± 0.34 6.74
22 Victoria North Lempa 70 283 7.0 0.5 5.96 ± 0.34 6.56
23 San Vicente San Vicente 70 176 20.7 10 ± 1†/ 4• 6.63 ± 0.28 6.93
24 El Triunfo Berlin 70 184 23.5 7 ± 2†/ 4.8◦ 6.98 ± 0.28 6.98
25 Zapotitlán Western 80 184 27.3 1 6.77 ± 0.28 7.03
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Id. Fault name Sector/Segment Dip Dip Dir. SRL(km) SR(mm/yr) Mw (W&C) Mw± 0.30∗
42 El Tigre Western 70 121 10.3 6.20 ± 0.34 6.69
26 San Miguel San Miguel 85 184 37.8 1.5 ± 0.5† 6.92 ± 0.28 7.14
27 Lempa Berlin 80 7 12.4 1 6.38 ± 0.28 6.75
28 Berlín Berlin 80 8 12.6 1 6.39 ± 0.28 6.76
29 El Caracol Lempa 80 1 15.2 1 6.41 ± 0.34 6.40
30 Apastepeque Lempa 70 198 15.2 3 6.48 ± 0.28 6.82
31 la Joya Lempa 70 45 7.6 1 6.02 ± 0.34 6.58
32 Lolotique Berlin 80 186 9.2 8 6.14 ± 0.34 6.65
33 El Progreso Intipucá 70 28 8.4 0.5 6.08 ± 0.34 6.62
34 Jucuarán Intipucá 70 52 9.6 0.5 6.16 ± 0.34 6.67
35 Charanga North Lempa 70 274 5.2 0.5 5.08 ± 0.34 6.45
36 Moncagua San Miguel 80 192 9.9 2 6.27 ± 0.28 6.67
37 Ahuachapán E Western 70 112 7.4 6.00 ± 0.34 6.57
38 Las Brisas Western 70 97 6.0 5.89 ± 0.34 6.50
39 Ahuachapán W Western 70 120 10.8 6.22 ± 0.34 6.70
40 Laguna del Llano Western 70 108 14.2 6.38 ± 0.34 6.80
41 Palo Pique Western 70 100 9.5 6.15 ± 0.34 6.66
43 Opico Western 80 228 6.2 5.09 ± 0.34 6.51
44 Ayagualo Western 80 29 9.4 1.5 6.25 ± 0.28 6.66
45 Panchimalco Western 80 17 8.3 1.5 6.19 ± 0.28 6.62
Las fuentes que proponemos son los principales desgarres que componen la Zona de
Falla de El Salvador, así como fallas menores que consideramos que pueden actuar
como unión de los desgarres principales incrementando notablemente el potencial
sismogénico de la ZFES. Las mayores tasas de deslizamiento están asociadas a los
principales desgarres con orientaciones cercanas a N90-100ºE y buzamientos de 70ºS.
Se asocian tasas de 10± 2 mm/a a la falla de Guaycume (a partir de GPS); tasas de 10
± 1 mm/a a la falla de San Vicente a partir de GPS (Staller, 2014) y 4 mm/a a partir
de paleosismología (Canora et al. 2012); a la falla de El Triunfo se le otorgan tasas
de deslizamiento de 7 ± 2 mm/a a partir de datos GPS (Staller, 2014) y 4.8 mm/a a
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partir del análisis morfotectónico del capítulo 3.
Existe cierta discrepancia entre datos de tasas de deslizamiento obtenidas geodési-
camente o geológicamente. Esto resulta común en grandes zonas de falla, como San
Andrés. Según Chuang y Johnson (2011), las discrepancias entre los datos de tasas
de deslizamiento obtenidas geológica o geodésicamente podrían deberse a tres mo-
tivos : a) a que las tasas de deslizamiento a largo plazo (tasas geológicas a escala de
miles a millones de años) son incorrectas; b) a que las tasas de deslizamiento a cor-
to plazo (tasas geodésicas a escala de décadas de años) son incorrectas; o c) ambas
tasas son correctas pero la tasa de deslizamiento es variable con el tiempo. Modelos
viscoeslásticos predicen un flujo rápido postsímico en las etapas tempranas del ciclo
sísmico que decrece a medida que se avanza en el mismo (Chuang y Johnson, 2011).
Esto implica que hay una fuerte dependencia de los resultados de las tasas obtenidas
por GPS en función de la fase del ciclo sísmico en que nos encontremos. Por otro la-
do, según Wesnousky et al. (2012), una de las claves fundamentales a la hora de
reconciliar datos geológicos y geodésicos es conocer dónde y cómo se registra ge-
ológicamente la deformación que se registra geodésicamente. Según estos autores,
un aspecto a tener en cuenta es la posible rotación de bloques. Si este proceso ocurre,
la asunción de que toda la deformación registrada por los GPS se acomoda en las
fallas y se libera en terremotos podría sobre-estimar el nivel de amenaza sísmica en
una región (Wesousky et al., 2012). Esta observación podría ser aplicable a la Zona
de Falla de El Salvador, ya que sistemáticamente los valores aportados por los GPS
son mayores que los geológicos.
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6.3. Cálculo determinista
Como primera aproximación al cálculo de amenaza sísmica para El Salvador, y par-
tiendo de los conocimientos y conclusiones que se pueden deducir de los capítulos
anteriores de esta tesis, hemos hecho un cálculo determinista teniendo en cuenta los
escenarios sísmicos que se presentan en la sección 6.1. De este modo calculamos el
movimiento que se generaría en estos escenarios considerando ciertos segmentos de
ruptura y un modelo de atenuación determinado, y caracterizamos dicho movimien-
to por su valor de PGA (de sus siglas en inglés “Peak Ground Aceleration”). Los es-
cenarios sísmicos calculados competen a las fallas de Guaycume, San Salvador, El
Triunfo, Lempa y San Miguel, así como rupturas complejas que involucran varios
segmentos.
6.3.1. Simulación del escenario del terremoto del 13 de Febrero de
2001
La caracterización del movimiento para un cierto escenario requiere integrar los
tres efectos que intervienen: fuente, trayectoria y sitio. En un estudio determinista
el efecto fuente vienen representado por la magnitud de un evento considerado, que
es función de la longitud o superficie de ruptura. El efecto trayectoria se identifica
con cómo es la atenuación que experimentan las ondas sísmicas en su trayecto de
la fuente al emplazamiento. Se modela por medio de leyes de atenuación para la
zona, también llamadas ecuaciones de predicción de movimiento (GMPE, del inglés
“Ground Motion Prediction Equation”). El efecto sitio contempla la amplificación de las
ondas debido a la geología local y a la topografía. En estudios de amenaza sísmica
dicho efecto suele incluirse a través de un coeficiente “S” característico del suelo bajo
el emplazamiento y que incluye el efecto del mismo en las ondas sísmicas.
De acuerdo con Climent et al. (2013), la ecuación de predicción de movimiento fuerte
que mejor se ajusta a la base de datos de aceleraciones en Centroamérica para terre-
motos intraplaca es Schmidt (2010), lo que resulta lógico teniendo en cuenta que la
mayor parte de la información obtenida para esta ecuación está incluida en la base
de datos de terremotos de Centroamérica del proyecto RESIS II. Por ello, el cálculo
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determinista que hemos llevado a cabo se hace usando esta ley de atenuación, cuya
expresión funcional es:
log Y = b1 + b2 ·M + b3 · log
(√
D2 + b4
)
+ S · b5 + H · b6 (6.3.1)
donde Y es PGA (cm · s−2), S y H corresponden a la condición del suelo en el sitio
(en nuestro caso S = H = 0). Los términos b1 a b6 son los parámetros de la regresión.
Los cálculos se han efectuado considerando inicialmente emplazamientos genéricos
en roca, generando valores de PGA sin incluir el efecto local (Figura 6.3.1).
Figura 6.3.1: Resultados de PGA calculados roca para una ruptura similar al terre-
moto del 13 de Febrero de 2001.
Para una caracterización más realista del escenario sísmico es necesario considerar
el tipo de suelo en la región donde se predice el movimiento y sus posibles efectos
de amplificación, a fin de incluir el efecto local o de sitio. Para ello se ha considerado
el mapa de suelos de García-Flórez (2015 Com. Pers.) y se han aplicado los efectos de
amplificación recomendados por la NEHRP (National Earthquake Hazards Reduc-
tion Program, US, 2009, tabla 6.4). Estos factores son variables dependientes de la
aceleración en roca (input), lo que es coherente con el carácter no lineal de la amplifi-
cación, dado que el suelo amplifica proporcionalmente más los movimiento débiles
225
Capítulo 6 Amenaza Sísmica
que los fuertes. Para nuestro estudio, y en base a las propiedades mecánicas de las
unidades geotécnicas distinguidas por García-Flórez (2015 Com. Pers., Figura 6.3.2),
hemos equiparado los valores de la NEHRP para los suelos tipo B a las unidades
geotécnicas Roca Dura y Media; para los suelos tipo C a Roca Blanda y Suelo Medio;
los suelo Tipo D a Suelos Medio y Blando; y los suelos Tipo E a los suelos muy blando
y no consolidados.
Figura 6.3.2: Mapa geotécnico de El Salvador. Figura cortesía de García-Flórez, 2015.
Tipo de suelo PGA ≤ 0.1 PGA = 0.2 PGA = 0.3 PGA = 0.4 PGA ≥ 0.5
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.9
Cuadro 6.4: Coeficiente de sitio. Interpolación recta entre los puntos. Valores re-
comendados por NEHRP (2009). PGA en g.
Siguiendo los criterios expuestos hemos simulado un escenario determinista del
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movimiento reproduciendo una ruptura similar a la del terremoto del 13 de Febrero
de 2001. De acuerdo con los datos aportados por Canora (2010), la longitud de la
ruptura fue de 23 km, en la falla de San Vicente, produciendo un evento de Mw 6.6.
Considerando una ruptura similar y empleando la GMPE se Schmidt (2010), el mapa
de suelos de García-Flórez (2015, Com. Pers.) y los factores de amplificación de la
NEHRP (2009), se ha simulado el escenario de dicho terremoto resultando en las
isolineas de PGA representadas en la Figura 6.3.3. Los valores calculados se han
comprado con las aceleraciones registradas en el terremoto del 13 de Febrero de 2001
superpuestas en la figura 6.3.3 como puntos. Puede observarse que la distribución
de aceleraciones simuladas es bastante coherente con las registradas, tanto en orden
de valores como en su distribución espacial. Una vez se incluye el efecto sitio, el
patrón de las aceleraciones se acerca mucho al patrón registrado en el evento (Figura
6.3.3). Los valores de PGA de 0.3 no quedan restringidos al entorno más cercano a la
falla, y llegan aceleraciones de 0.1g a la ciudad de San Salvador, lo cual tiene bastante
similitud con lo registrado en el evento.
6.3.2. Simulación de escenarios sísmicos desfavorables en la ZFES
El buen ajuste de los datos de aceleraciones sintéticas que se muestran en la figu-
ra 6.3.3 otorga fiabilidad a los resultados de las aceleraciones que proponemos para
eventos desfavorables que pueden suceder en fallas dentro del arco volcánico sal-
vadoreño. Una síntesis de las atenuaciones en roca se presenta en la figura 6.3.4,
donde están representadas las curvas de atenuación relacionadas con los diferentes
escenarios que hemos tenido en cuenta. Los escenarios que mostramos se basan en
las conclusiones de la sección 6.1. Las fuentes de estos escenarios son: la falla de
Guaycume, la Falla de El Triunfo, y rupturas complejas que involucran a las falla de
San Vicente, Lempa y El Triunfo, y a las fallas de San Vicente, Lempa, El Triunfo y
San Miguel (ver tabla 6.2 para síntesis de los parámetros). Los resultados del cálculo
para roca se muestran en las figuras 6.3.5 y 6.3.6, teniendo en cuenta el efecto sitio en
las figuras 6.3.7 y 6.3.8.
El caso más extremo se trata de una ruptura conjunta de los segmentos San Vicente,
Lempa, Berlín, y San Miguel. Las fallas que estarían involucradas en esta rotura son
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las que tienen ID: 23, 30, 12, 24, 32, 36 y 26 (Figura 6.2.1 y Tabla 6.3), lo que supone
una distancia de rotura de 123 km. Se trata de un evento de Mw 7.4. Las aceleraciones
máximas calculadas en roca alcanzan valores de 1.2g. Grandes núcleos urbanos, co-
mo San Miguel o San Vicente, estarían afectados por aceleraciones PGA superiores a
0.5g (Figuras 6.3.4, 6.3.6 y 6.3.8). La distribución de la deformación, y los análisis lle-
vados a cabo en la región oriental de El Salvador (Staller, 2014 y Hernandez-Moreno,
2011) parecen indicar que la tasa de deformación asociada a la falla de San Miguel es
muy baja, ya que en esta zona la deformación se está absorbiendo en la cordillera de
Juacuarán-Intipucá, por lo que consideramos que este evento es muy poco probable.
Figura 6.3.4: Curvas de atenuación para los casos de la tabla 6.2. SV: San Vicente; Lp:
Lempa; ET: El Triunfo; SM: San Miguel.
Otro caso desfavorable, más plausible, es un terremoto de Mw 7.2 relacionado con
una ruptura conjunta de los segmentos San Vicente, Lempa y Berlín, lo que equivale
a un escenario similar al que podía haber sido el del terremoto de 1719 (ver sección
6.1). Se trata de una ruptura de 73 km que involucra a las fallas 23, 30, 12, 24 y 32 re-
presentadas en la figura 6.2.1 y la tabla 6.3. En este caso, en la simulación obtenemos
aceleraciones PGA de 1.0g en las zonas más cercanas a la falla. La ciudad de San
Miguel estaría afectada por aceleraciones en torno a 0.4g y San Salvador en torno a
0.2g (Figura 6.3.8).
Consideramos de especial interés los resultados del cálculo hecho para la falla de
Guaycume, siendo esta falla un segmento bien diferenciado y con una gran tasa de
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deslizamiento (Falla 13 en tabla 6.3 y Figura 6.2.1). Para un evento de Mw 6.8 se ob-
tienen aceleraciones de más de 0.6g en las zonas más cercanas a la fuente. Es una
falla muy próxima a la ciudad de San Salvador con evidencias de actividad cuater-
naria. Teóricamente se pueden exceder aceleraciones de 0.2g con un terremoto de
este tipo y algo mayores en la zona norte de la ciudad de San Salvador. El patrón de
distribución de las aceleraciones coincide bastante bien con el patrón de las isosistas
de intensidad del terremoto de 1917 (Plaza, 2013), lo que podría significar que la falla
de Guaycume haya sido la fuente de dicho terremoto (Figuras 6.3.5 y 6.3.7).
Un terremoto de Mw 6.6 en relación con la falla de El Triunfo (fallas 24 y 32 en tabla
6.3 y Figura 6.2.1) tendría asociadas aceleraciones máximas algo mayores de 0.4g. La
atenuación en este caso hace que las aceleraciones en los grandes núcleos urbanos
sean relativamente bajas (< 0.1g), pero también consideramos que es una falla a tener
en cuenta en cálculos de amenaza debido a que es una de las fuentes más próximas a
la estación térmica de LaGeo, situada en el edificio volcánico de Berlín, al sur de esta
falla, donde obtenemos valores mayores de 0.2g, que posiblemente estén subestima-
dos ya que no se han tenido en cuenta efectos de amplificación por la topografía,
que posiblemente se puedan dar en esta zona debido al relieve tan escarpado (Fig-
uras 6.3.5 y 6.3.7).
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Figura 6.3.5: Mapas de PGA para escenarios de ruptura de las fallas de Guaycume y
El Triunfo.
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Figura 6.3.6: Mapas de PGA para los casos propuestos en la tabla 6.2. SV: San Vicente;
Lp: Lempa; ET: El Triunfo; SM: San Miguel.
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Figura 6.3.7: Mapas de PGA teniendo en cuenta el factor de amplificación para es-
cenarios de ruptura de las fallas de Guaycume y El Triunfo. SS, SV, BL y SM son las
ciudades de San Salvador, San Vicente, Berlín y San Miguel.
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Figura 6.3.8: Mapas de PGA teniendo en cuenta el factor de amplificación. Mismas
abreviaturas que en Figuras anteriores.
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6.3.3. Periodos de recurrencia
Los modelos de recurrencia teórica se hacen en base a una zonificación, lo que per-
mite relacionar la magnitud de los terremotos que están dentro de una zona con su
frecuencia de recurrencia. El modelo más aplicado para dicho fin es el modelos de
Gutenberg-Richter (Gutenber y Richter, 1944) que establece una proporción constan-
te entre terremotos grandes y pequeños de una zona determinada con la asunción
de que el logaritmo del número acumulativo de terremotos que supera cada grado
de magnitud varía linealmente, lo que se puede expresar como:
lg N = a− b ·M (6.3.2)
o bien,
ln N = α− βM
Donde N es el número de eventos, M es la magnitud y a y b son constantes que
se obtienen por regresión de datos cuando se considera el logaritmo de M decimal,
mientras que α y β son las constantes al cosniderar logaritmo neperiano. A partir
de esta ecuación podemos calcular la tasa de sismos que supera una magnitud Mi
como:
λMi = exp α− βMi (6.3.3)
El periodo de recurrencia se define como la inversa de la tasa anual de excedencia
T = λ/Mi. Los parámetros a y b calculados en el estudio de amenaza sísmica de
Benito y Torres (2012) tienen valres de a = 4 y b = 0.87 para la zona del arco vol-
cánico en El Salvador. Considerando estos parámetros y las magnitudes definidas
anteriormente para los escenarios resultan los periodos de recurrencia de la Tabla
6.5.
Magnitud (Mw) 6.6 6.8 7.1 7.4
Periodo de Recurrencia 55.2 82.4 150.3 274.16
Cuadro 6.5: Periodos de recurrencia para los eventos propuestos en este capítulo
Estos resultados son bastante coherentes con los datos de sismicidad conocidos has-
ta la fecha. Un periodo de recurrencia de 55.2 años es coherente con el registro del
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último siglo en lo referente a terremotos en el arco volcánico, dado que se han re-
gistrado tres terremotos de Mw ∼= 6.5: los terremotos de 1917 y 1951 (Mw 6.7 y 6.2
respectivamente, Peraldo y Montero, 1999); y el terremoto de Febrero de 2001 (Mw
6.6, Canora et al., 2010). Para terremotos más grandes, como los casos que se pro-
ponen en el apartado 6.1, los periodos de recurrencia comprenden entre 150 y 274
años. Estos periodos de recurrencia son coherentes con el hecho de disponer de sólo
un registro de un terremoto que podría ser el de 1719 (Ms 7.2, Peraldo y Montero,
1999; White et al., 2004). Si tenemos en cuenta que el registro histórico comienza a
principios del siglo XVI apenas cubriría un periodo de recurrencia completo en la
zona. Cabe advertir que estaríamos en el fin del periodo de recurrencia aumentando
la probabilidad de que se produzca un evento similar.
6.3.4. Conclusiones parciales
El análisis de diferentes fuentes sísmicas en El Salvador ha permitido estimar pa-
rámetros cinemáticos necesarios para su consideración en el cálculo de amenaza
sísmica. En este capítulo mostramos una primera aplicación simulando escenarios
sísmicos determinados asociados a diferentes rupturas.
El escenario del movimiento del sismo del 13 de Febrero de 2001 (Mw 6.6) se ha
reproducido empleando el modelo de atenuación de Schmidt (2010) junto los datos
de tipo de suelo de García-Flórez (Com. Pers. 2015) y los factores de amplificación
usados por la NEHRP (2009). La coherencia entre las aceleraciones registradas y las
simuladas, tanto en distribución como en orden de valores, pone de manifiesto que
el modelo de atenuación empleado como los factores de amplificación local son los
adecuados para esta región.
Los mismos criterios hemos usado para simular escenarios sísmicos desfavorables
que pueden producirse en relación con la Zona de Falla de El Salvador. Las fallas
analizadas se sitúan relativamente cerca de entornos urbanos con gran densidad
de población. Las aceleraciones calculadas en base a escenarios desfavorables de-
jan patente que las fallas intraplaca en El Salvador resultan ser fuentes sísmicas muy
peligrosas. Ahondar en el conocimiento de estas fuentes resultará útil para hacer una
aproximación más realista de este potencial.
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Especial interés merece la falla de Guaycume, situada muy cerca de la ciudad de San
Salvador. Es una falla peligrosa, ya que un evento de magnitud Mw 6.8 provocaría
aceleraciones en el norte de la ciudad de 0.4g.
Terremotos con magnitudes mayores de Mw 7.0 son plausibles en el arco volcáni-
co, además, los periodos de recurrencia para terremotos de este estilo (150-270 años)
indican que nos encontramos en un intervalo temporal cercano al límite de este pe-
riodo de recurrencia, asumiendo que el último terremoto de este estilo pudo ser el
terremoto de 1719 (Ms 7.2). Un terremoto de estas características podría generar ace-
leraciones PGA de 1g en la superficie de ruptura y alcanzar a poblaciones como San
Vicente y San Miguel con valores de PGA ∼= 0.4g.
Dada la exposición de las grandes ciudades estos resultados pueden tener impor-
tantes implicaciones en riesgo sísmico. No obstante, el código sísmico de El Salvador
(MOP, 1994) prevé aceleraciones del orden de 0.4g en la parte central de el país, por
lo que cabe esperar que, si las edificaciones han cumplido las reglas de diseño, re-
sistirán sin colapso movimientos como los simulados. Dicho de otra forma, la vul-
nerabilidad de la edificación reciente deberá ser baja, adaptada a una aceleración de
diseño de 0.4g, y por tanto el riesgo sísmico no debería ser tan elevado. Pero aún
así, hay que contemplar que una buena parte de las edificaciones son anteriores al
código, y además existe mucha auto-construcción en las zonas rurales. Sería reco-
mendable llevar a cabo estudios de vulnerabilidad en la poblaciones que pueden
verse afectadas por los escenarios sísmicos que proponemos, a fin de tomar las me-
didas preventivas necesarias.
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Conclusiones generales
Cada capítulo de esta tesis aporta información sobre la evolución de la Zona de Falla
de El Salvador a partir de análisis diferentes. Todos los resultados de esta tesis se
pueden integrar en una propuesta de evolución geodinámica que satisface la mayo-
ría de las observaciones.
7.1. Análisis morfotectónico
En el capítulo 3 se muestra la componente normal de algunas fallas de la Zona de
Falla de El Salvador así como variaciones laterales de la componente normal y en
dirección a lo largo de la traza de la falla. El análisis morfortectónico es coherente
con estudios previos que describen un ambiente con cierta componente de cizalla
transtensiva a lo largo del arco volcánico salvadoreño (p.e. Álvarez-Gómez et al.,
2008; Cáceres et al., 2005; Canora et al., 2012; Correa-Mora et al., 2009; Guzmán-
Speziale, 2001). Del análisis se puede concluir que existe una fuerte interacción entre
las fallas y segmentos de la Zona de Falla de El Salvador. Esto queda patente en el
apartado 3.2.5.2 donde se estudian en detalle las fallas del Lempa y el Triunfo, y se
pueden ver relevos en la deformación así como zonas de acomodación entre estas
fallas inferidas a partir del estudio del relieve (Figura 3.2.9).
La zona inter-segmento del Lempa es una zona con deformación bastante distribui-
da, lo que la hace muy interesante desde el punto de vista de la amenaza sísmica,
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ya que podría estar actuando como barrera o aspereza para grandes terremotos a lo
largo de la Zona de Falla de El Salvador.
La medida de los ejes de las cuencas en el Segmento Berlín ha resultado ser una
herramienta muy útil para cuantificar el movimiento en desgarre de la falla de El
Triunfo y su tasa de deslizamiento. A partir de los resultados del análisis morfotec-
tónico se deduce que hay variaciones en la tasa de deslizamiento a lo largo de la
dirección de la falla, que oscilan desde 4.6 mm/a en las zonas centrales de la falla,
hasta 1.0 mm/a en los extremos. A partir del análisis de hipsometría, también hemos
interpretado este tipo de variaciones, pero atendiendo a la componente normal de
la falla, estando el máximo uplift en las zonas centrales y decreciendo hacia ambos
extremos (Figura 3.2.7C). Podemos concluir que la falla El Triunfo sigue una dis-
tribución clásica del salto en forma de campana a lo largo de la falla, lo que apoya su
funcionamiento como segmento individualizado.
La hipsometría realizada en las cuencas circundantes del Segmento San Vicente uni-
da a la expresión geomorfológica de esta falla no son características de un segmento
neoformado, sino que podría deberse a una falla reactivada, heredada de un régi-
men extensional previo. Una evolución tectónica similar a la que plantea Weinberg
(1992) para Nicaragua explicaría los resultados anómalos que se ven en la Zona de
Falla de El Salvador, concretamente los de la falla de San Vicente ligados a grandes
escarpes asociados a desgarres casi puros.
7.2. Modelos análogos 4D
En el capítulo 4 se hace una aproximación experimental con el fin de ratificar o a-
nular la hipótesis de que ciertas fallas de la ZFES son heredadas de un régimen de
deformación previo al actual. Nuestra aproximación experimental nos ha permiti-
do clarificar estas observaciones y vincularlas a una etapa de extensión previa a la
etapa de desgarre actual. Dichas observaciones son: la presencia de estructuras tipo
graben o semi-graben; el ángulo de buzamiento de las principales fallas (no típico de
desgarres neoformados); la migración hacia la fosa del arco volcánico; el alto grado
de buzamiento de la zona de Wadati-Benioff; y la segmentación de la ZFES.
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Los experimentos que mejor han reproducido la estructura de la ZFES son aquellos
que se han hecho con una zona de debilidad discontinua, que representa una corteza
más débil, y una evolución de dos fases, una inicial de extensión ortogonal seguida
de una etapa de desgarre puro. Este modelo explica la presencia de desgarres con
grandes escarpes asociados y estructuras tipo graben con relevos extensionales dex-
trales que dan lugar a las cuencas tipo pull-apart. La localización de áreas con fusión
parcial (emplazamiento de las grandes cámaras del arco volcánico, representadas en
los modelos como zonas de debilidad) controla la segmentación de la ZFES. Durante
la etapa extensional, se forman grábenes en las zonas de debilidad, durante la se-
gunda fase de deformación (fase de desgarre predominante), las fallas del graben se
comportan como desgarres, aparece gran cantidad de deformación intra-graben y se
desarrollan zonas de deformación distribuida tipo releasing entre los grábenes.
La etapa de extensión inicial se puede relacionar con un proceso de roll-back de la
lámina del Coco bajo el bloque de Chortís. Este proceso, de acuerdo con dataciones
de Bosse et al. (1978) y Lexa et al. (2011) para las formaciones principales de El Sal-
vador, debió ocurrir entre 7.2-6.1 Ma y 1.9-0.8 Ma. La fusión parcial cortical asociada
a la migración del arco hacia la fosa se tradujo en un emplazamiento discontinuo de
las principales cámaras del arco. Estas zonas, de mayor flujo térmico y menor espe-
sor de corteza superior, controlaron la formación de grábenes durante la etapa de
roll-back. Una vez se concluye el proceso, las estructuras tipo graben se reactivaron
como los principales desgarres de la ZFES. Esta segunda fase se caracteriza por el de-
sarrollo de las zonas inter-segmento en las cuales hay transtensión local y se forman
estructuras tipo pull-apart y releasing bends (Figure 4.2.11).
Los experimentos que llevamos a cabo usando una zona de debilidad continua no
reprodujeron estructuras parecidas a la ZFES. Sin embargo, estos modelos presen-
taron un estilo de deformación más cercano al estilo nicaragüense. Los grábenes mu-
cho más pronunciados en el arco volcánico nicaragüense podrían ser consecuencia
de una fase de extensión más intensa en Nicaragua que en El Salvador. De acuerdo
con las estructuras a lo largo del arco volcánico centroamericano, desde Guatemala
a Nicaragua, junto con el aumento en el ángulo de buzamiento de la Zona Wadati-
Benioff desde Gautemala hacia Nicaragua, proponemos que el roll-back tuvo menor
influencia en la cinemática de la deformación en Guatemala, y fue incrementando su
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intensidad hacia el Sureste hasta Nicaragua.
7.3. Análisis estructural
En el análisis estructural a partir de datos de deslizamiento en fallas que se presenta
en el capítulo 5, se muestran resultados que revelan dos fases de deformación en
el arco volcánico salvadoreño. Una primera fase de cizalla transpresiva y una se-
gunda fase de deformación transtensiva. La primera fase de deformación se puede
relacionar con una etapa de mayor acoplamiento en la interfase de la subducción de
la placa del Coco bajo Chortís. Esta fase de acoplamiento indujo acortamiento per-
pendicular a la fosa que, junto a una migración continua relativa hacia el este del
Bloque de Chortís, se tradujo en una fase de deformación de cizalla transpresiva a lo
largo del arco volcánico Mioceno (que es la región de tras-arco actual). La segunda
fase de deformación que identificamos se caracteriza por transtensión a lo largo del
arco volcánico holoceno. Esta fase de deformación está vinculada a una fase de bajo
acoplamiento en la interfase de la subducción. Durante esta fase, la deformación está
controlada por al migración relativa de Chortís. A la vez que existe transtensión en el
arco volcánico, la zona tras-arco está dominada por extensión E-W. Dicha extensión
es similar a la deformación intraplaca extensiva que se propone en Guzman-Speziale
(2001), Álvarez-Gómez et al. (2008) y Cáceres (2005). Las diferencias en el Holoceno
entre la deformación en el arco volcánico y la zona de tras-arco pueden deberse a
que el arco volcánico es una zona de debilidad con ciertas estructuras heredadas
que pueden estar refractando los esfuerzos derivados de la migración del bloque de
Chortís.
En el arco volcánico centroamericano las fuerzas están controladas por la interacción
entre la deriva relativa hacia el este del bloque de Chortís, el arco volcánico como
zona de debilidad que absorbe la deformación, y el grado de acoplamiento entre la
interfase Coco-Chortís. El arco volcánico controla la localización de la deformación,
de este modo, durante el Mioceno el arco volcánico habría migrado hacia la fosa, de-
bido al roll-back de la lámina del Coco bajo Chortís. La deformación habría migrado
hacia la fosa igualmente. El cambio de grado de acoplamiento se puede relacionar
con diferencias en la tasa de apertura de la dorsal pacífica, pasando de una zona de
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cizalla transpresiva (cercano a cizalla simple) a una zona de deformación transtensi-
va Holocena (Figura 5.3.11).
7.4. Implicaciones para la amenaza sísmica
Los estudios paleosismológicos llevados a cabo en el segmento San Vicente apoya
la idea de que puedan ocurrir grandes eventos (Mw > 7.0) en el arco volcánico sal-
vadoreño. Tradicionalmente grandes terremotos destructivos (Mw > 7.0) se han aso-
ciado a la subducción, pero el bajo acoplamiento en esta región junto con la gran
cantidad de deformación que se acumula en el arco volcánico hacen que esta distin-
ción pueda no ser tan sencilla.
Peraldo y Montero (1999) calcularon una magnitud Ms 7.2 para el evento de 1719,
asumiendo que estaba asociado a la subducción, y aportaron un mapa de isosistas
de intensidades que decrecen desde la costa hacia tierra adentro. Sin embargo no
hay registro de que las máximas intensidades se registrasen en la costa. Los mapas
de isositas calculados en la sección 6.1 muestran que la fuente puede estar relaciona-
da con fallas del arco volcánico. El terremoto del 6 de Marzo de 1719 puede estar
asociado al segmento San Vicente.
Este hecho hace que planteemos escenarios muy desfavorables para eventos rela-
cionados con fallas del arco volcánico. Los cálculos de aceleraciones PGA para un
evento de magnitud Mw 7.4 que involucre a los segmentos San Vicente, Lempa,
Berlín y San Miguel (caso más extremo) superan los 1.2g en los puntos más cercanos
a la falla y 0.4g en grandes núcleos urbanos.
Pensamos que estudios futuros de parametrización de la actividad de la falla y su
aplicación al riesgo sísmico se deben centrar en la falla de Guaycume debido a su
proximidad a San Salvador, donde se obtienen valores de PGA > 0.4g usando como
fuente dicha falla. Las altas tasas de deslizamiento que se obtienen para esta falla (10
± 2 mm/a) apuntan a periodos de recurrencia cortos, lo que hace a esta falla aún
más peligrosa desde el punto de vista de la amenaza sísmica.
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7.5. Modelo geodinámico evolutivo para la región del
arco volcánico
Todas los resultados de los análisis que hemos hecho en la Zona de Falla de El Sal-
vador y en el arco volcánico junto con datos bibliográficos se han integrado en una
propuesta de modelo geodinámico que se presenta en la Figura 7.5.1.
En forma de sumario podemos concluir que:
La zona de falla de El Salvador no es una zona de falla neoformada.
La transtensión activa no es suficiente para generar los escarpes de falla y es-
tructuras tipo graben que están asociados a los desgarres actuales de la ZFES.
Es necesaria una fase de extensión seguida de una fase de desgarre transtensivo
para reproducir deformaciones similares.
Existe una migración de la deformación desde el Mioceno al Holoceno que se
desplaza hacia la fosa junto al arco volcánico.
Durante el Mioceno la deformación en el arco volcánico era tipo cizalla transpre-
siva.
Un roll-back de la lámina del Coco bajo Chortís es una explicación sencilla para
todas las observaciones.
El arco volcánico actúa como zona de debilidad en la cual se concentra casi
toda la deformación.
En la zona tras-arco la deformación es extensional en sentido E-W y tiene
relación con la extensión intraplaca del bloque de Chortís.
Combinando los resultados de la tesis con datos bibliográficos de Wilson (1996), Ja-
rrard (1986), Rogers et al. (2002), Stoiberg y Carr (1973), Weinberg (1992) y Walker et
al. (2000) sobre la deformación del bloque de Chortís, la subducción de la placa del
Coco bajo Caribe y las tasas de apertura de la dorsal de Pacífico frente a Centroaméri-
ca, proponemos que: la deformación transpresiva miocena en el arco volcánico es-
taba ligada a una fase de mayor acoplamiento (plegamiento NW en Nicaragua y
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Figura 7.5.1: Integración de datos bibliográficos y resultados de la tesis en la pro-
puesta de un modelo geodinámico para la evolución Neógena de la margen oeste
del bloque de Chortís. Proposed Geodynamic Model of the western boundary of the
Chortis Block, integrating bibliographic data and the obtained results of the thesis.
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cizalla transpresiva en El Salvador). Un cambio en las condiciones regionales de la
subducción (decrecimiento en la tasa de apertura y un detachment de la lámina del
Coco (Wilson, 1996, Jarrard, 1986, Rogers et al., 2002), derivaron en un proceso de
roll-back y una consecuente migración del arco volcánico hacia la fosa (etapa de ex-
tensión y formación de una guirnalda de grábenes en El Salvador y la depresión de
Nicaragua (Weinberg, 1992 y Capítulo 4)). Esto condicionó el grado de acoplamiento
en la subducción (disminuyendo hasta su estado actual) y la componente de cizalla
derivada del empuje de la fosa decreció notablemente, pasando a un estado de de-
formaciones dominadas por la transtesión debida a la deriva del bloque de Chortís
(desarrollo de la ZFES y deformación intra-graben en Nicaragua, Figura 7.5.1).
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General conclusions
Each chapter of this PhD Thesis provides information about the structural and tec-
tonic evolution of the El Salvador Fault Zone from different approaches. All the
obtained results can be integrated in a geodynamic evolution proposal that satisfies
all the observations.
Morphotectonic analysis
In Chapter 3 we calculate and quantify the recent activity of the El Salvador fault
Zone. This study reveals dip-slip movements in some faults of the ESFZ, and along-
strike variation of the dip-slip and the strike-slip components. The morphometric re-
sults obtained are consistent with some previous results describing a transtensional
regime in ESFZ (i.e. Álvarez-Gómez et al., 2008; Cáceres et al., 2005; Canora et al.,
2012; Correa-Mora et al., 2009; Guzmán-Speziale, 2001). This study reveals that there
could be an important interaction between different faults and segments of the ESFZ.
This is evident in the Lempa and El Triunfo Faults detailed study (see section 3.2.5.2),
where there are deformation reliefs and an accommodation zone between them, in-
terpreted from the results of the topography analysis (Figure 3.2.9).
The Lempa inter-segment zone is an area where distributed deformation dominates,
making this region an interesting zone for the seismic hazard studies because it may
be an area acting as a seismic barrier or asperity in large earthquakes along the ESFZ.
The measurement of the basin axes in the Berlin Segment area has been a useful
tool in order to assess the strike-slip motion of El Triunfo Fault and its slip-rate. We
have interpreted along-strike variations of the horizontal slip-rate from 4.6 mm/year
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to 1.0 mm/year decreasing approximately from the center towards the tips of the
fault. From the hypsometric analysis, we have interpreted along-strike variations
of the dip-slip movement of the fault, being the maximum uplift in the middle and
the lowest in the tips. The behavior of the El Triunfo Fault presents a classical bell
shaped distribution of the slip along the fault.
The hypsometric curves and hypsometric integrals of the basins of the San Vicente
segment and the geomorphological expression of this fault can be explained by the
hypothesis of a reactivation of structures inherited from the previous extensional
tectonic regime and a recent rotation in the maximum shortening direction. A simi-
lar tectonic evolution as described by Weinberg (1992) in Nicaragua is possible and
could explain the anomalous results in the hypsometric analyses of the San Vicente
fault linked to a very high scarp.
4D analog models
Our experimental approach showed in Chapter 4 was done in order to ratify or dis-
prove the hypothesis of the existence of a phase of extension, at some stage during
the evolution of the ESFZ that could have controlled the segmentation and the lo-
cation of the main structures of the ESFZ. This approach allowed us to clarify some
observations made in the ESFZ, such as the presence of extensional structures in the
current pure strike-slip regime, the dip angle of the main faults, the seaward mi-
gration of the volcanic arc, and the segmentation and fracture style of the fault zone.
Based on the experiments and the discussion presented in the chapter 4, we conclude
that the ESFZ is not a neoformed fault zone, but the result of a two-phase structural
evolution similar to that proposed by Canora et al. (2014) based on geological obser-
vations.
Experiments done using a discontinuous weak zone, representing a weaker crust,
and a two-phase evolution consisting of an initial extensional phase followed by
a strike-slip phase, best explains the present-day structures observed in the ESFZ.
In particular, this model explains the presence of dip-slip fault scarps and stepping
graben structures that formed during the extensional phase and the subsequent re-
activation of those structures as pure strike-slip faults. The location of areas of par-
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tial melting within the volcanic arc (represented by the discontinuous weak zone in
the experimental models) controls the segmentation of the ESFZ. During the exten-
sional phase, the grabens formed above the areas of thinned (weak) crust. During
the subsequent predominantly strike-slip phase, the grabens faults are reactivated
and intersegment zones (areas between grabens) are developed.
The initial extensional phase can be correlated to slab rollback of the Cocos plate
beneath the Chortis Block. The volcanic ages in El Salvador allow us to infer that
the rollback process occurred between 7.2–6.1 Ma and 1.9–0.8 Ma (ages from Bosse
et al., 1978 and Lexa et al., 2011). Mantle and crustal melt in association with the
subducting slab produced discontinuous emplacement of magma chambers, or lo-
calized areas of partial melting, along the volcanic arc. These areas of thinned brittle
crust control the formation of grabens along the CAVA in El Salvador. Once roll-back
stopped, the initial extensional structures were reactivated as major strike-slip faults
during the second phase (from 1.9–0.8 Ma to the present), a phase characterized by
a predominant strike-slip regime. During the second phase, the intersegment zones
undergo distributed deformation and local transtension; releasing bends and pull-
apart basins are formed (Figure 4.2.11).
The experiments undertaken with a continuous crustal thinning do not reproduce
similar structures to the ESFZ. However, those models present a structural style
closer to the structures in the Nicaraguan Depression. The more pronounced devel-
opment of graben structures in Nicaragua could be a consequence of a more intense
extensional phase in Nicaragua than in El Salvador. According to the structures
present along the CAVA from Guatemala to Nicaragua and the dip of the Wadati-
Benioff Zone, we propose that the rollback beneath the Chortis Block had less influ-
ence on the kinematics of Guatemala and an increased influence eastward toward
Nicaragua.
Structural analysis
The analysis of fault slip data showed in Chapter 5 reveals a two phase tectonic evo-
lution in the Central America Volcanic Arc crossing El Salvador. A phase of trans-
pressional wrenching close to simple shearing followed by a phase of transtensional
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deformation along the CAVA. The first deformation phase is related to a higher cou-
pling stage of the Cocos plate interface. This stage induced some shortening perpen-
dicular to the trench, that together with the Chortis Block eastward drift resulted in
transpressional wrenching along the Miocene volcanic arc (the current back-arc re-
gion). The second deformation stage is characterized by transtensional deformation
along the Holocene volcanic arc related to a low coupling stage of the Cocos plate
subduction interface, during this phase the deformation is dominated by the relative
eastward drift of the Chortís Block. Coeval to the transtensional deformation along
the CAVA, E-W extension is acting in the back-arc region. This E-W extension is also
controlled by the relative movement of the Chortis Block with respect to the North
American plate and the forearc sliver. The differences in the Holocene deformation
between the active volcanic front and the back-arc region could be due to the active
volcanic front acting as a weak zone with inherited structures detaching the forearc
sliver from the Chortis block and refracting the stresses.
In the Central America Volcanic Arc, the forces are controlled by the interaction be-
tween the Chortís Block relative eastward drift, the active volcanic front acting as a
weakness zone and the degree of coupling in the Cocos plate subduction interface.
The CAVA acts as a weakness zone that controls the location of the deformation.
During Late Miocene times the CAVA migrated trenchward due to a subduction
roll-back beneath the Chortís Block, causing the migration of the deformation too.
This tectonic evolution changed two of the three main aspects that control the de-
formation: the volcanic front position, migrating towards the trench (Weinberg et
al. 1992), and the subduction interface coupling, decreasing to very low coupling in
Holocene times (Pacheco et al., 1993, Lyon-Caen et al., 2006; Álvarez-Gómez et al.,
2008; Franco et al., 2012) (Figure 5.3.11 in chapter 5).
The proposed deformation model is consistent with a constant drift of the Chortís
Block and with the deformation models proposed by (Burkart and Self (1985), Mal-
fait and Dinkelman (1972), Plafker (1976), Guzman-Speziale et al. 1989 and Álvarez-
Gomez (2008)), which consists of a tectonic regime controlled by the Chortís Block
relative eastward drift, a pinning of the forearc sliver to North America (at western
Guatemala and Chiapas) and the low coupling of the subduction interface. This
tectonic framework induces transtensional deformation along most of the CAVA
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(Álvarez-Gómez et al., 2008) ending northward in a diffuse triple joint. This setting
induces grabens opening northward the CAVA and oblique transtensional tectonics
in the CAVA.
From timing evolution of the main parameters that could control the deformation
along the CAVA we can conclude that: the slab detachment noticed by Rogers et
al. (2002) and the decreasing buoyancy along time of the Cocos plate may have pro-
duced a slab roll-back and a transition between a coupled to a decoupled subduction
interface. The decrease of the spreading rate of the Middle pacific rise (Jarrard, 1986)
would have a direct relationship with the slab roll-back, so we consider that this pro-
cess could have happened during Late Miocene (5 Ma according to a decrease of the
spreading rates showed in Figures 5.3.10 and 5.3.11 in chapter 5).
Seismic hazard
The paleoseismological analysis carried out in the San Vicente Segment (Chapter
6) supports that great seismic events could be related with faults involved in the
volcanic arc. Preinstrumental historical earthquakes with M > 7 had been usually
assigned to subduction zone events, but the low subduction coupling and the high
slip rates of the ESFZ may indicate that this distinction could not be so simple. The
ESFZ is a strike-slip transtensional fault that represents a plate’s limit between the
fore-arc sliver and the Chortis block. Therefore, the seismic behavior of the ESFZ is
not that expected for volcanic arc faults, and this could be a reason for the occurrence
of Mw ≥ 7 earthquakes in the El Salvador volcanic arc.
Peraldo and Montero (1999) calculated a magnitude Ms 7.2 for the 1719 earthquake,
assuming that it was a subduction intraplate event and entering a maximum inten-
sity value of VIII. They claim that large surface earthquakes in the subduction zone
generate higher intensities in the coastal zone and decrease in intensity further in-
land. We agree with this statement; however, in the case of the 1719 earthquake,
we found no evidence that the maximum intensities occur in the coast and decrease
inland, as there are several ancient populations in the coastal zone (e.g., La Libertad
and Acajutla) in which no damage from this event was reported.
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These observations make us propose some adverse seismic scenarios related with
the faults within the volcanic arc. The calculated Peak Ground Accelerations related
with a Mw 7.4 event that involves the San Vicente, Lempa, Berlín and the San Miguel
segments (extreme case), are up to 1.2g in the closest areas to the source and up to
0.4g in the great cities. Future seismic hazard studies may be focused in the Guayc-
ume fault due to its proximity to San Salvador. An event related to this fault would
produce accelerations up to 0.4g in San Salvador. The high slip rates obtained in
this fault (10 ± 2 mm/yr) point out short recurrence interval making this fault a
dangerous source from a seismic hazard point of view.
Geodynamic evolution
The results of the analysis showed in this PhD Thesis together with previous studies
can be integrated in a proposal of a geodynamic model that summarizes the main
conclusion of the Thesis (Figure 7.5.1).
We can summarize the main conclusion in:
The El Salvador Fault Zone is not a neoformed fault zone.
The active transtensional strain is not enough to generate fault scarps and
graben-like structures related with some strike-slip faults of the ESFZ.
It is necessary an extensional phase followed by strike-slip phase to reproduce
the fracture style of the ESFZ.
There is a deformation migration towards the trench together with volcanism
during Miocene to Holocene times.
The strain in the volcanic arc was transpressional wrenching during Miocene.
A subduction slab roll-back of the Cocos plate beneath the Chortís Block is a
simple explanation that satisfies all the observations.
The Central America Volcanic Arc acts a weak zone where the deformation is
accommodated.
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In the back arc zone there is active E-W extension related with the internal
deformation of the Chortís Block.
The results of this thesis together with bibliographical data and observations from
Wilson (1996), Jarrard (1986), Rogers et al. (2002), Stoiberg and Carr (1973), Weinberg
(1992) and Walker et al. (2000) about the deformation in the Chortís block and in
the Central America Volcanic Arc, the Cocos slab subduction beneath the Caribbean
Plate and the East Pacific Rise opening rates in front of Central America, we propose
that: the transpressional Miocene deformation in the volcanic arc was related with
a higher coupling stage (NW folding in Nicaragua and transpressional wrenching
in El Salvador); a change in the regional subduction related conditions (decrease of
the East Pacific Rise opening rates and a slab detachment of the Cocos slab) resulted
in a roll-bak process and a seaward migration of the volcanism (extensional phase
and grabens’ opening in El Salvador and Nicaragua). This process controlled the
coupling degree of the subduction interphase (decreasing toward its current state).
The pure shear component of the strain derived from the trench push decreased
and derived in transtensional deformation controlled by the eastward drift of the
Chortís Block (neotectonic development of the ESFZ and intra-graben deformation
in Nicaragua, Figure 7.5.1).
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Wehave used hypsometric analysis to improve our understanding of the current tectonic deformation and struc-
ture of El Salvador Fault Zone; a N90°E oriented strike-slip fault zone that extends 150 km through El Salvador,
Central America. Our results indicate an important amount of transtensive strain along this fault zone, providing
new data to understand the tectonic evolution of the Salvadorian volcanic arc. We have defined kilometric scale
tectonic blocks and its relative vertical movements, length of segments with homogeneous vertical motions and
lateral relay of active structures. We have identified and quantified slip-rate variations along-strike of the El
Triunfo fault within El Salvador Fault Zone, ranging from 4.6 mm/year in its central parts to 1 mm/year towards
the tips of the fault. This study supports the hypothesis of a recent rotation in themaximum shortening direction,
and the accommodation of the current deformation through the reactivation of pre-existing structures inherited
from a previous tectonic regime.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
El Salvador is located in northern Central America, in the western
margin of the Caribbean plate. Crossing El Salvador with a N90°E direc-
tion, there is a 150 km long right lateral strike-slip fault zone first de-
scribed by Martínez-Díaz et al. (2004) and named as El Salvador Fault
Zone. The southern area of the country is part of the forearc sliver of
the Caribbean plate, while the northern part of this country belongs to
the Chortís Block (Fig. 1A), a continental block composed by a Paleozoic
basement, mesozoicmarine sediments and volcanic material associated
to the Cocos plate subduction beneath this block (Rogers et al., 2002).
The neotectonic evolution of the Chortís Block region has been
studied by many authors at different scales and using several tools.
At a regional scale, it has been studied usingGPS data, numericalmodel-
ing and through seismotectonics and seismologic analysis (i.e.
Álvarez-Gómez et al., 2008; Cáceres et al., 2005; Correa-Mora et al.,
2009; DeMets et al., 2007; Franco et al., 2012; Guzmán-Speziale,
2001). At a local scale, faulting and tectonics in the Central America
Volcanic Arc have been studied through paleoseismology and tectonic
geomorphology (Canora et al., 2012; Corti et al., 2005; Ruano et al.,
2008). All of these authors conclude the existence of a transtensive re-
gime in the western boundary of the Chortís Block. The transtensive
regime along the volcanic arc is driven by the relative eastward drift
of the Caribbean plate relative to the North America plate, being the
forearc sliver pinned to the North American plate (Álvarez-Gómez
et al., 2008). Also, it is important to highlight that there is an important
change in scale between the studies done on the Chortís Block at a re-
gional scale and the detailed studies carried out in different segments
of the ESFZ. This makes it difficult to compare local observations with
the regional morphotectonic features in the area.
For these reasonswe consider it necessary to tackle this problem de-
veloping an intermediate scale study in order to improve our under-
standing of the ESFZ, its tectonic behavior and hazard implications.
The transtensive regime may be reflected in local tectonic and geo-
morphological evidences and in the structural and geomorphological
characteristics of the ESFZ (Fig. 1B). The analysis of the recent morpho-
tectonics along this fault zone using geomorphological indexes can be
useful to address these aspects.
The study of the recent topographic development and theuse of geo-
morphological indexes are adequate tools for the quantification of the
active tectonics (Burbank and Anderson, 2001; Keller and Pinter,
2002). At Central America the studies developed using geomorphologi-
cal indexes are scarce (i.e. Álvarez-Gómez, 2009; Hare and Gardner,
1985; Morell et al., 2012). Previous studies describe a transtensive tec-
tonic regime at the Central America Volcanic Arc in El Salvador
(Fig. 1A), which induces relative vertical motions on the faults within
El Salvador Fault Zone (i.e. Álvarez-Gómez et al., 2008; Cáceres et al.,
2005; Canora et al., in press). We have mainly utilize hypsometry
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(Strahler, 1952), because the possible dip-slip component in the faults
forming ESFZ should be reflected on this index. The relative vertical
movements associated to these faults may create differences in the
evolution of the adjacent basins. The measuring of the area–altitude re-
lationships of the basins could reflect the relative motions of the hang-
ing and foot walls of the faults (Keller and Pinter, 2002). Up to know,
studies in active tectonics in El Salvador have been focused on the
strike-slip motion of the ESFZ (i.e. Corti et al., 2005; Martinez-Díaz
et al., 2004), but there are no studies focused on the relative verticalmo-
tion related to these faults.
In this work we define kilometric scale tectonic blocks and its rela-
tive movements to constrain the recent strain distribution along the
ESFZ, the length of segments with homogeneous vertical movements
and the lateral relay of active structures. The results of this study sup-
port the hypothesis of a recent rotation in themaximum shortening di-
rection, and the accommodation of the current deformation along
structures formed in a previous tectonic frame. A similar tectonic evolu-
tion in Nicaragua as described by Weinberg (1992) is interpreted from
the results of this work of El Salvador.
2. Tectonic setting
El Salvador is located in the western margin of the Chortís Block,
where a volcanic arc is present (Central America Volcanic Arc), extend-
ing from northern Costa Rica to Guatemala. The Central America Volca-
nic Arc (CAVA) ends abruptly at the Polochic Fault in Guatemala
(Fig. 1A). The volcanic arc has been divided into three main zones ac-
cording to its orientation, the style of its structures and geomorphology
(Álvarez-Gómez, 2009). From south to north themain structureswithin
the Central America Volcanic Arc are: The Nicaraguan Depression,
from Northern Costa Rica to the eastern Gulf of Fonseca (McBirney
and Williams, 1965; van Wik de Vries, 1993), the El Salvador Fault
Zone, from western Gulf of Fonseca to approximately El Salvador–
Guatemala border (Martínez-Díaz et al., 2004) and the Jalpatagua
Fault in Guatemala (Carr, 1976).
The northern boundary of the Chortís block is the Motagua–
Polochic–Swan Island transform fault (North boundary of the Caribbean
plate), a fault zone with pure left lateral strike-slip motion. The interac-
tion between the Caribbean, North America and Cocos plates results in a
A
B
Fig. 1. A: Tectonic setting of northern Central America. Red arrows show relative displacements and its magnitude. Orange triangles show volcanoes from Central America Volcanic Arc.
Area enclosed in rectangle is Fig. 1B. Abbreviations are: SIT: Swan Island Transform; MF: Motagua Fault; PF: Polochic Fault; ND: Nicaraguan Depression; HE: Hess scarp; CAVA: Central
America Volcanic Arc. B: SRTM image of El Salvador. Black lines are main and secondary active faults, after Canora et al. (2012).
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diffuse triple junction at Guatemala, where the deformation is distribut-
ed in a broad area (i.e. Authemayou et al., 2011; Guzman-Speziale and
Meneses-Rocha, 2000; Guzmán-Speziale et al., 1989; Lyon-Caen et al.,
2006; Plafker, 1976). According to Lyon-Caen et al. (2006) and
DeMets et al. (2010), the convergence between Cocos and Caribbean
plates has a N40ºE trend and a velocity rate of 70–80 mm/year, and
the Caribbean plate has a velocity rate of 20 mm/year eastward relative
to the North-America plate (Fig. 1A).
The El Salvador Fault Zone is a 150 km long and 20 km wide defor-
mation band within the Salvadorian volcanic arc in the CAVA (Fig. 1B)
(Martinez-Díaz et al., 2004). This deformation band is composed of
main strike-slip faults trending N90°-100°E, and secondary normal
faults trending between N120ºE and N170ºE. The ESFZ continues west-
ward connectingwith the Jalpatagua Fault. Eastward ESFZ becomes less
clear, disappearing at the Gulf of Fonseca (Fig. 1B).
The ESFZ deforms and offsets Quaternary deposits with a right later-
al displacement in its main segments and clearly affects the geomor-
phology and relief (Fig. 2A) (Corti et al., 2005; Martinez-Díaz et al.,
2004). The ESFZ offsets Quaternary ignimbrites and pyroclastic flows
of Tierra Blanca Joven and Cuscatlán Formations (Fig. 2B). Horizontal
offsets up to 200 m of Holocene deposits and drainage network have
been described by Corti et al. (2005) and Canora et al. (2012).
Five segments have been proposed for thewhole fault zone, from the
Jalpatagua Fault to the Gulf of Fonseca (Canora et al., 2010). From west
to east these segments are: Western segment, San Vicente Segment,
Lempa Segment, Berlin Segment and San Miguel Segment (Fig. 1B).
Here we renamed the Lempa Segment as Lempa Inter-Segment,
because this is an area of distributed deformation with normal and
strike-slip faults connecting two well constrained deformation zones
(San Vicente and Berlin segments).
This study is focused on the SanVicente, Lempa andBerlin segments,
and specifically on its interactions (Fig. 2A). The main faults of the seg-
ments are: The San Vicente fault in the San Vicente Segment; El Triunfo
fault in the Berlin Segment and Lempa fault in the Lempa inter-segment.
The studied area has a very clear geomorphological expression of the re-
cent fault activity. The Lempa inter-segment, located between San
Vicente and Berlin segments, is especially interesting because the defor-
mation is distributed in a large set of N120°-170°E trending normal
faults that seem to connect both segments; potentially increasing the
maximum rupture length capability of the ESFZ and the seismic hazard,
as stated in Canora et al. (2012). Seismotectonic and paleoseismological
data reveal a large seismic potential in ESFZ, in fact the San Vicente seg-
ment has been the source of the February 13th, 2001 earthquake
(Canora et al., 2010, 2012;Martínez-Díaz et al., 2004). In the Berlin Seg-
ment the data are scarcer, only Corti et al. (2005) presented a detailed
analysis of the activity of this segment based on the mapping of the
fluvial network and ignimbrites affected by the recent fault activity.
They concluded that ESFZ has a slip rate of ~11 mm/year from the late
Pleistocene–Holocene strike-slip motion of the fault.
3. Regional morphometric analysis
In order to extract information about the fault interactions and
the lateral distribution of the vertical displacements along the faults
within the ESFZ, we have carried out a morphometric analysis using to-
pographic data. This analysis includes the calculation of geomorpholog-
ical indexes such as hypsometric curves, hypsometric integral and the
analysis of the basins' orientations.
The whole study is developed from a 10m resolution Digital Terrain
Model (DTM), supplied by the MARN (Ministerio de Medio Ambiente y
Recursos Naturales de El Salvador) obtained from the digitalization
of 1:25,000 topographical maps. We used Geographical Information
System free software tools (GRASS, GDAL and Qgis), as well as scripts
in Bash environment using AWK and GMT (Wessel and Smith, 1991)
for data processing and graphic representation.
3.1. The hypsometric curve and the hypsometric integral
The hypsometric curve describes the elevation distribution of the re-
lief in a specific area, in a scale which may range from a basin to the
whole planet (Keller and Pinter, 2002). It represents the area distribu-
tion existing above a determined elevation range related to the
total area (Strahler, 1952). It is usual to represent the area (a) and eleva-
tion (h) normalized to one (i.e.: Cheng et al., 2012; Keller and Pinter,
2002; Perez-Peña et al., 2010; Walcott and Summerfield, 2008), which
allows an easy comparison between different hypsometric curves in a
specific study. The shape of the hypsometric curves may give us infor-
mation about the relative evolution stage of the fluvial basin develop-
ment. Thereby, a convex hypsometric curve indicates a “youthful”
stage of the basin; S shape hypsometric curve indicates an intermediate
stage of the evolution (an area moderately eroded); and concave
curves indicate “old-mature” basins (Keller and Pinter, 2002). Hypso-
metric integrals values (Hi) have also been calculated. Hi is defined as
the area under the hypsometric curve, which is equivalent to the equa-
tion of Pike and Wilson (1971): Hi = (mean elevation − minimum
elevation)/(maximum elevation − minimum elevation). Therefore,
values of Hi near 1 mean “youthful” stage of the basin and values of Hi
near 0 mean “old-mature” stage of the basins.
Strahler (1952) applies the hypsometric analysis to drainage basins
and the manner in which the mass is distributed within it. He related
the area–altitude relationship with the stage of the cycle of erosion. In
some cases it is possible to relate the stage of the cycle with the tectonic
activity. It is because the cycle of erosion could be interrupted by an up-
lift episode and rejuvenates the drainage basin (Keller and Pinter, 2002).
Hence, the raised areas are in the early stages of erosion (concave hypso-
metric curves and Hi values near 1), and the sunk areas in mature-old
stages of the cycle (convex hypsometric curves and Hi values near 0).
According to Strahler (1952), the hypsometric curve is independent
of the basin size. On the other hand, Cheng et al. (2012) concluded that
variations could exist for the steady-state topography in result of the
hypsometric analysis related to the basin order and size. To avoid
scale problems, each analysis has been made using areas of similar
size. In order to identify the basins in an objectiveway and at a homoge-
neous scale, we have used GRASS basin identification tools on the DTM
10 m resolution.
3.2. Hypsometric integral mapping
Following the criteria described above a hypsometric integral value
map has been done (Fig. 2C). To make this map, we carried out a topo-
graphic analysis following the equation of Pike andWilson (1971). This
map has been done cutting the DTMwith amovingwindow of constant
area. We calculated the Hi value in each cell, providing xyz values for
each calculation (Longitude, Latitude and Hi). We have used a cell area
of 0.02 × 0.02° (approximately 2000 × 2000 m at latitude 13°) and a
window step of 0.004° (approximately 400 m).
In the Hi map (Fig. 2C), we have represented the hypsometric inte-
gral values (from 0 to 1). The results of the hypsometric integral follow
a normal distribution with the mean, mode and median close to each
other (0.429, 0.45 and 0.438 respectively). The graphic representation
has been done following a color code, where the red shades show the
values higher than the mode (N0.45) and the blue shades show the
values lower than the mode (b0.45). Hereby, it is possible to observe
gradients separating domains with different integral values.
To avoid possible erroneous interpretations due to potential gradi-
ents associated with lithological heterogeneities, we compare this map
with the geological map in Fig. 2B. We will discuss this below in detail.
3.3. Hypsometric zonification
In the map of Fig. 2C we observe patterns, analogies and differences
between different areas.Wehave distinguished several kilometric-scale
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blocks that present similar patterns in the Hi value distribution (Fig. 3).
Wehave calculated thehypsometric curve for each block to characterize
potential relative movements between them. We have defined nine
blocks, five of them are located in the inter-segment zone.
3.3.1. San Vicente blocks
We have defined two blocks in the western part of the study area. A
northern block (North San Vicente, number 1 in Fig. 2C), with predom-
inant high values of Hi, and a southern block (South San Vicente, num-
ber 2 in Fig. 2C), with lower values of Hi (Fig. 2C). Attending to the
geometry of the hypsometric curve for the whole blocks of the San
Vicente area (Fig. 3), we can see a significant difference between
both of them. The hypsometric curve of the North San Vicente block is
convex (Hi= 0.49),while the one in the South SanVicente block is con-
cave (Hi = 0.23) (Fig. 3).
3.3.2. Berlin blocks
There is a predominance of higher values of Hi to the north of the
El Triunfo Fault, therefore we have distinguished a block north of the
fault and another one to the south of the fault. The results of this block
show S-shaped hypsometric curves for both described blocks,with little
differences between them, having values of the Northern and Southern
blocks of 0.38 and 0.35 respectively (numbers 8 and 9 in Fig. 2C).
3.3.3. Lempa inter-segment blocks
In the Lempa inter-segment, the differences between Hi values are
not very well constrained (Fig. 2C). Nevertheless, we have identified
five blocks with different patterns of the values distribution in the
inter-segment area (Figs. 2C and 3). One of them is located in the north-
ern part: El Tortuguero extensional system (number 3 in Fig. 2C); two of
them are in the central part: Obrajuelo extensional system and Lempa
depression (numbers 4 and 5 in Fig. 2C); andfinally, two in the southern
part, separated by the Lempa river (numbers 6 and 7 in Fig. 2C): South
Obrajuelo and South Lempa.
The extensional systems of Obrajuelo and El Tortuguero are highly
fractured by secondary normal faults. Both areas have similar shapes
of the hypsometric curve and similar Hi values (Fig. 3).
El Tortuguero extensional system is lithologically homogeneous
(Mio-Pliocene lavas of Bálsamo Formation), and it is highly fractured
by N120°-150°E trending secondary normal faults, resulting in a horst
and graben structure, causing the collapse of the volcanoes bounding
to the north of the Lempa Depression (Fig. 3). The gradients of Hi values
Fig. 3.Main blocks and its hypsometric integral value (Hi) and hypsometric curves. Red lines are the main faults.
Fig. 2.A: Interpreted structures of the study area overlaid onto 10m resolution DTMderived from1:25,000 topographicmap. B: Geologicalmap (Bosse et al., 1978). C. Shadedhypsometric
integral map and histogram of the analysis results. SVF: San Vicente fault; LF: Lempa Fault; ETF: El Triunfo Fault. Secondary faults interpreted by Canora et al. (2012). Rectangles are the
distinguished blocks: 1: North San Vicente; 2 South San Vicente; 3: El Tortuguero Extensional System; 4: Obrajuelo extensional System; 5: LempaDepression; 6: South Obrajuelo; 7: South
Lempa; 8: North Berlin; 9: South Berlin. Q marked anomaly explained in the text.
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on themap are arranged along the N120°–150° direction corresponding
with the secondary normal faults trending (Fig. 2C).
Obrajuelo extensional system is composed of penetrative sets of
N180°E trending and N120°E normal faults that produce the collapse
of volcanoes, as in El Tortuguero extensional system. There is an anom-
aly (high values of Hi, markedwith a Q in Fig. 2C), which corresponds to
Plio-Quaternary deposits of Cuscatlan formation. The remaining area of
Obrajuelo Extensional System is lithologically homogeneous.
The Lempa depression zone presents themost concave hypsometric
curve and the lowest values of Hi, typical of the “old” and stable basins
(Strahler, 1952, Fig. 3). In the central part of the depression, there is a
positive gradient to higher values of Hi (Fig. 2C), which are bounded
on the north by a possible N90°E trending fault, with smooth geomor-
phological expression, affecting Quaternary deposits of Lempa fluvial
system (Fig. 4) and defined by Canora et al. (2012).
The blocks defined at the southern part of the inter-segment zone
(SouthObrajuelo and South Lempa Blocks, 6 and 7 in Fig. 2C) are bound-
ed by the contact betweenMio-Pliocene deposits of Balsamo Formation
andHolocene deposits of the Berlin volcanic complex. The pattern of the
distribution of Hi values is different between both blocks (Fig. 2C). These
blocks are the southern limit of the transtensional area and they are less
fractured than the ones defined before. The South Obrajuelo block pre-
sents a concave geometry of the hypsometric curve and it is composed
mainly by Mio-Pliocene deposits. The South Lempa blocks composed
of Holocene deposits of the Berlin volcanic complex also showa concave
hypsometric curve butwithmore predominance of higher altitudes that
represents an intermediate stage of the evolution of the topography
(Fig. 3).
4. Local morphometric analysis
Here we present the results of the local analysis carried out in the
drainage basins northward and southward of the main faults (San
Vicente, Lempa and El Triunfo Faults, Fig. 5 and Table 1) and combine
the results with the local variations identified in the Hi spatial distribu-
tion.We have carried out a detailed analysis with the aims of identifying
lateral variations of the vertical slip and individualize segments. We
have considered small drainage basins andwe calculated the hypsomet-
ric curve and integral of each one.
4.1. San Vicente fault
Attending to the geometry of the hypsometric curve for the individ-
ualized drainage basins of the surrounding areas of the San Vicente fault
(Fig. 5), we can see that most of the northern basins (red in Fig. 5) have
convex geometry; while most of southern basins (blue at Fig. 5) have
concave geometry. There are some basins that are not following this
pattern, these are those situated at the western part of the fault (basins
13 and 14 in Fig. 5, Table 1), near the Ilopango Caldera. This observation
will be discussed below.
4.2. El Triunfo and Lempa faults
A further detailed study has been done in the El Triunfo and Lempa
Faults. In these areas there are strong variations in the distribution of
the Hi values (Fig. 2C). In this area, topographical effects prior to the re-
cent tectonic activity could also be discarded (paleo-topography), be-
cause the topography has been blanked by the recent volcanic activity
of the Berlin volcanic complex. TheHi values northward of the El Triunfo
fault are higher than 0.6, while southward of the fault the values are
lower than 0.4. This is the highest difference along the ESFZ. These
facts make this area a good place to delve into the morphotectonic
study.
The Lempa Fault has been studied together with the El Triunfo Fault
due to its proximity. In this area the hypsometric values between the
northern and southern basins have no significant differences. In
Fig. 5B the hypsometric curves of the basins from33 to 47 are represent-
ed. Blue lines are the southern basins and red lines are northern basins.
Hypsometric curves of the surrounding basins of the El Triunfo Fault
normalized to one, have been represented in Fig. 5C. The curves repre-
sented in red lines are the hypsometric curves of the basins situated
northward of the El Triunfo Fault (basins from 24 to 32 in the map of
Fig. 5 and Table 1). They show S shapes and convex geometry. Hypso-
metric curves represented in blue lines are for the southern basins of
the El Triunfo Fault (basins from 48 to 59 in the map of Fig. 5 and
Table 1), and they have concave geometries (Fig. 5C).
5. Interpretation and discussion
In spite of the fact that the faults of ESFZ have a predominant strike-
slip component, the hypsometric analyses reveal that the normal com-
ponent of themain faults is significant, at least in the studied segments.
5.1. Lithological influence in the results of the analyses
Previous to any interpretation about uplift and relative movements
of the blocks defined, it is mandatory to dismiss possible non-tectonic
effects on the topography and thereby to the area–altitude relationship.
Fig. 4. Lempa depression detail. The location of this figure corresponds to Lempa Depresion block described in Fig. 3. Arrows are indicating an inferred fault.
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There are some gradients in the results of the Hi map that we have
interpreted as a lithological effect in the hypsometric results.
Comparing the Hi valuemap and the geological mapwe can see that
there are some hypsometric anomalies which are coincident with teph-
ra deposits, especially with the tephras of Tierra Blanca Joven Formation
(TBJ; Hart, 1981, 1983) and the pyroclastic flows of the Cuscatlán For-
mation (Plio-quaternary) (Fig. 2B and C). These deposits cover and
“rejuvenate” the topography. The regions with these recent deposits
are in an early-state of erosion which increases the area of high eleva-
tions in specific areas, and induces a larger value of the Hi.
This effect is clearly observed in the boundaries of Ilopango Caldera,
where higher values of Hi correspond to TBJ deposits. Lithological effects
are also observed south of the San Vicente Volcano,where high values of
Hi are coincidentwith Plio-Quaternary deposits of Cuscatlán Formations
and TBJ Formation. However, south of San Vicente fault there are low
values of Hi (Hi b 0.45) in areas covered by TBJ deposits. These results
can be interpreted as a consequence of the dip-slip movements of this
fault (the normal component of the fault). In this case the TBJ deposition
could be smoothing the differences between both walls of the fault due
to tectonic movements, resulting in higher values of Hi than expected if
there were no TBJ deposits. The results of the local analysis in this fault
also show this effect.
The Berlin Formation is also a very young deposit, but it covers the
topography in a homogeneous way, so we cannot see clearly any influ-
ence in the results of the analysis. In fact, there are gradients of the Hi
value in regionswith this lithology (Fig. 2 B and C).We relate these gra-
dients with tectonic processes.
5.2. Vertical movements of the tectonic blocks
Attending to the differences of the hypsometric curves and integrals
for the blocks defined in Chapter 3.3 (Fig. 3), and taking into account
that the results could be conditioned by the lithology, we propose the
relative movements of the blocks.
We have interpreted an important uplift of the North San Vicente
block relative to the South San Vicente block. Despite the possible influ-
ence of the lithology, the differences in the shape of the hypsometric
curve and theHi values are really clear (Fig. 3). The S-shape of the north-
ern block indicates a “mature” stage of the topography, while the con-
cave shape of the southern block indicates an “older” stage of the
topography.
According to the hypsometric curve of the North Berlin and South
Berlin blocks, we do not see significant differences between them. In
this case the lithology is homogeneous in both blocks and we can as-
sume that these differences are related with tectonic movements.
Both curves are S-shaped, but there is a predominance of higher alti-
tudes in the North Berlin block. We interpret a relative uplift of the
northern block, but it is much lower than the difference between
north San Vicente and South San Vicente blocks (Fig. 3).
A B C
Fig. 5.Map showing the analyzed basins. Basin numbers of Table 1. A, B and C are showing the positions of San Vicente, Lempa and El Triunfo Faults respectively on the map. A: Hypso-
metric curves of the San Vicente segment surrounding basins. B: Hypsometric curves of the Lempa Fault surrounding basins. C: Hypsometric curves of the El Triunfo Fault surrounding
basins. Red lines are north basins. Blue lines are south basins.
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In the inter-segment zone the deformation is not well constrained.
The extensional systems of El Tortuguero and Obrajuelo have a similar
hypsometric curve. There are some deposits from Cuscatlan formation
that could have influenced the results, but the lithology could be consid-
eredhomogeneous along the block.We think that the results are so sim-
ilar because both systems have equivalent fracturing style and a strong
influence of monogenetic volcanoes that are scattered along both areas,
conditioning the topography and therefore the results of the analysis.
The South Obrajuelo and South Lempa blocks are bounded by the
Lempa River whereas the South Lempa Block is mostly composed of
Holocene and Pleistocene deposits from the Berlín Volcanic Complex
and the South Obrajuelo Block is mainly composed of Mio-Pliocene
rocks of the Bálsamo Formation. We have not identified evidences of
tectonic activity between these blocks and they are not much fractured.
However, there are some differences in the hypsometric curves that
could be explained by lithological heterogeneities
The lowest values of Hi and themost concave hypsometric curve are
in the Lempa Depression. The positive gradient of Hi values in the mid-
dle of the block is interpreted as a consequence of the activity of a fault
crossing the depression (Fig. 4) as described by Canora et al. (2012). De-
spite the low expression on the relief, the strong gradient of Hi values
supports the existence of this fault and its recent activity.
The Lempa block is bounded by normal faults, and we interpret that
it is forming the area of maximum subsidence of the pull-apart basin.
This is also consistent with some interpretations of Corti et al. (2005)
and Agostini et al. (2006).
5.3. Fault slip variation along-strike
A structural segment of a fault can be described as a section of the
fault bounded by fault branches, or intersections with other faults,
folds, or cross structures (Scholz, 2002, Chapter 3). The existence of a
segment in a fault zone implies a distinctive seismic behavior. This
means that it acts as an individual fault interacting with adjacent seg-
ments. Theoretically, themedium to long-termnet slip along a fault seg-
ment varies along the fault plane. This behavior, especially in active
faults affecting Quaternarymaterials, should be reflected in topography.
Usually, these variations in the displacement along the faults affect
the strike slip and the dip slip components. If the normal component
of these faults is enough, this lateral variation should be reflected in
the results of the hypsometric analysis. According to theoretical models,
maximum accumulated long-term displacements occur in the central
part of the faults and decrease gradually towards the tip points (i.e.
Cowie and Roberts, 2001; Ferril and Morris, 2001; Scholz, 2002; Walsh
andWatterson, 1989). Hence, in central parts, differences in hypsomet-
ric curves between the hanging wall block and the foot wall block
should be higher than at the tip points of the fault, where hypsometric
curves should tend to be equal (Fig. 6).
In order to visualize these lateral variations, we have done profiles
along the Lempa, San Vicente and El Triunfo faults representing values
of Hi of northern basins (red circles) and southern basins (blue circles)
(Fig. 7). To compare their trends we fitted quadratic polynomial regres-
sions, shown as red and blue lines respectively. This regression should
fit well the surface displacement of a theoretical elliptical fault rupture,
although higher order polynomials could also be used. In addition we
have also represented the elevation difference between northern and
southern blocks of each fault along the profiles (Fig. 7).
Profile A in Fig. 7 is along San Vicente fault (basins from 1 to 23 in
Table 1 and Fig. 7). In the western part of the profile the value distribu-
tion and the variations between the northern and southern values are
not following a clear pattern. The highest difference between them is
in the eastern part. The highest scarp is also situated also in the eastern
part (at the length of 20 km, x axis). It does not correspondwith the ide-
alized model of Fig. 6, and the fit is not suitable for any side of the fault.
We interpret that these high values of the scarp and the differences of Hi
are not relatedwith the recent activity of this segment. It could be relat-
ed with structures inherited from a previous tectonic phase as we dis-
cuss below.
Profile B in Fig. 7 has been done along the Lempa fault. The hypso-
metric integral values of the southern basins are higher than the hypso-
metric values of the northern basins (Fig. 7, basins from 33 to 47, and
Table 1). The differences between the northern and southern Hi values
are decreasing from km6 of the x axis of the profile towards the eastern
tip of the profile (km 12).
Profile C in Fig. 7 is along the El Triunfo Fault. In this profile themax-
imumdifference between Hi values is observed in the central part of the
Table 1
Hypsometric integral value of the analyzed basins. Numbers of the basin in the map of
Fig. 7. SV: San Vicente fault; L: Lempa fault; ET: El Triunfo fault. (S): Southern fault; (N):
Northern fault and Hi: Hypsometric integral.
Basin Number Segment Hi
1 SV (N) 0.45
2 SV (N) 0.52
3 SV (N) 0.41
4 SV (N) 0.5
5 SV (N) 0.55
6 SV (N) 0.54
7 SV (N) 0.54
8 SV (N) 0.53
9 SV (N) 0.41
10 SV (N) 0.51
11 SV (N) 0.53
12 SV (S) 0.44
13 SV (S) 0.69
14 SV (S) 0.67
15 SV (S) 0.33
16 SV (S) 0.5
17 SV (S) 0.33
18 SV (S) 0.34
19 SV (S) 0.38
20 SV (S) 0.32
21 SV (S) 0.28
22 SV (S) 0.24
23 SV (S) 0.26
24 ET (N) 0.44
25 ET (N) 0.53
26 ET (N) 0.56
27 ET (N) 0.58
28 ET (N) 0.62
29 ET (N) 0.62
30 ET (N) 0.59
31 ET (N) 0.55
32 ET (N) 0.48
33 L (N) 0.29
34 L (N) 0.45
35 L (N) 0.28
36 L (N) 0.13
37 L (N) 0.3
38 L (N) 0.33
39 L (N) 0.5
40 L (S) 0.54
41 L (S) 0.62
42 L (S) 0.49
43 L (S) 0.49
44 L (S) 0.36
45 L (S) 0.42
46 L (S) 0.47
47 L (S) 0.37
48 ET (S) L(S) 0.39
49 ET (S) 0.37
50 ET (S) 0.42
51 ET (S) 0.38
52 ET (S) 0.33
53 ET (S) 0.3
54 ET (S) 0.34
55 ET (S) 0.39
56 ET (S) 0.29
57 ET (S) 0.27
58 ET (S) 0.31
59 ET (S) 0.39
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fault, at km 12 of the profile, from Hi= 0.62 in the north to Hi = 0.38 in
the south. These differences clearly decrease towards the tips of the
fault, being non-existent at the tips (Fig. 7 profile C). Thefit of the north-
ern values is the best one of all the profiles.
At the El Triunfo Fault, the basin orientations provide important in-
formation due to the drainage radial pattern related to the Berlin Volca-
no (Figs. 2 and 8). We have measured the angle formed by the basins'
axis with the fault trace in order to describe the horizontal component
of themovement of this fault (Fig. 8). The radial pattern of the drainage
basins is the same northward and southward of the El Triunfo Fault. The
fault activity produces lateral variations in the orientations and position
of the basins. We have represented the basin axes orientation values in
Fig. 8. We can see that there are differences up to 30° at km 4 and up to
40° at km11. The regression shows that the differences are higher in the
central part of the fault and they decrease towards the tips. Although, in
the eastern part of the fault, the fan pattern of the basins axis became
unclear and it is smoothing the results.
We havemeasure the possible offset of the basins assuming that the
basins with the same axis orientation were connected when they were
formed. The result shows the greatest offsets in the central-western part
of the fault (kms 5 to 12), and the smallest are in the tips (Fig. 8). This
drainage network is formed on Pleistocene basaltic lavas from the Berlin
volcanic complex and although the age is not well constrained, Bosse
et al. (1978) dated them with an age of 1.4 Ma. If we assume that the
drainage network formation is contemporaneous with the last basaltic
lava extrusion, then we can estimate the horizontal slip-rate of
the fault. From the offsets in the basin axes orientation (Fig. 8), we
have calculated a minimum slip-rate for El Triunfo fault. The results,
from west to east are: 0.75 mm/year, 4.2 mm/year, 4.83 mm/year,
4.79 mm/year, 1.4 mm/year, 1.7 mm/year and 1.4 mm/year (Fig. 8).
The fault displacement (D) variation along-strike and the corresponding
slip-rate (SR), assuming the age of 1.4 Ma given by Bosse et al. (1978),
are also shown in Fig. 8. In this plot, it is clearly seen how the fault slip
decreases formkm6 towards the tips of the fault. The slip-rate is highest
in km 6 with a value of 4.6 mm/year.
If we assume that 100% of the differences of the Hi value and the dif-
ferences in the basin orientations are due to the fault activity, we can in-
terpret that the El Triunfo Fault is following an idealized model along a
fault displacement distribution. The maximum displacements are ob-
served in the central-western parts of the fault and they decrease to-
wards the tip points.
If we analyze the profiles of Lempa and El Triunfo faults together we
can observe a relationship between both. From km 6.5 to the eastern
end of the Lempa fault the Hi differences between the north and south
basins decrease, while in the El Triunfo Fault increase eastward during
the first 10 km (Fig. 7 profiles B and C, overlap zone). We interpreted
that there is a deformation relay between the Lempa and El Triunfo
overlapping faults that produce an accommodation zone between
these faults (Figs. 7 and 9). Westward, Lempa fault absorbs much of
the deformation, where Hi differences are higher (Fig. 7 profile B). East-
ward, the slip of the Lempa fault decreases since the El Triunfo fault is
absorbing much of the deformation. The increase of the Hi value differ-
ences in El Triunfo Fault is coincident with the decrease of the Hi value
differences in Lempa fault and the overlap zone. An interpretation of
this zone as two antithetic faults with normal component but with pre-
dominant strike-slip movement and an accommodation zone between
both faults as showed in Fig. 9, is consistent with the morphometric
results.
5.4. Tectonic evolution
In areas of ESFZ where deformation is accommodated in a narrow
shear zone (El Triunfo and San Vicente faults), there exists a clear uplift
of the northern block relative to the southern blocks (Fig. 3). The differ-
ences between the northern and southern hypsometric curves on these
faults are higher in the San Vicente fault than in the El Triunfo Fault. The
results of the San Vicente segment analysis do not show a clear pattern
in the lateral distribution of Hi differences, and it presents a huge fault
scarp in the eastern part of the fault (Fig. 7 profile A). These observations
could be explained by three hypotheses: a) a high uplift (large dip-slip
movement of the fault) in San Vicente segment of the ESFZ; b) a greater
influence of lithology; and c) the existence of inherited structures and
associated relief.
Canora et al. (2010, 2012) conclude that the Holocene movement
of San Vicente fault is almost pure strike-slip, throughout its
seismotectonic and paleoseismological analyses. So we think that the
Holocene dip-slip movement of this fault it is not enough to generate
the differences seen in the hypsometric results and it does not satisfy
all the observations.
We think that the lithological effect, aswe have explained in the sec-
tion specifically focused in this issue, is smoothing the differences be-
tween the northern and southern curves of the San Vicente blocks,
and neither satisfies all the observation. So we delve in the third option
below: the existence of inherited structures and associated relief.
Weinberg (1992) described a neotectonic evolution in western
Nicaragua dominated by three different deformation phases from Mio-
cene to Holocene, and thereby two changes in the stress tensor. During
the first deformation phase (Miocene–Low Pliocene) dip angle of the
subducting plate (Cocos plate) is low and it is coupled, during this
stage there is amaximumshortening directionNE–SW, and it generated
a folding oriented NW–SE. Then a roll-back produced a rotation of the
stresses. This roll-back caused the migration of the volcanic arc south-
westward to its current position. During this phase an extensional re-
gime generated the highly asymmetrical half-graben of Nicaragua
Fig. 6. Idealized behavior of a fault and the expected results of the hypsometric curves.
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bounded to the southwest by NW–SE, oblique-slip normal faults (Funk
et al., 2009). The second rotation occurred duringmiddle Pleistocene to
Holocene. This change, caused amaximumhorizontal shortening direc-
tion rotation from N130°E to the current N–S, forming the Managua
Graben (Weinberg, 1992, Fig. 1A).
At El Salvador, the volcanic chain has alsomigrated southward from
theMiocene to its current position. This migration could be also related
to theCocos plate roll-back during late Pliocene–Pleistocene (Weinberg,
1992). This tectonic context could develop E–W dip-slip normal
faults similar to the normal faults driving the Nicaraguan half-graben.
A
B
C
Fig. 7.Map showing the analyzed basins. Basin numbers of Table 1. Lines A, B and C are the profiles 7A, 7B and 7C, coincident with San Vicente, Lempa and El Triunfo faults respectively.
Profiles A, B and C are representingHi values of each basin along the fault. Red circles are theHi value of each north basin of the fault area. Blue circles are theHi value of each south basin of
the fault area. Red and blue lines are the trend of red and blue circles respectively. Dashed black line is the scarp profile along the fault.
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The current tectonic regime reactivated those normal faults as
transtensional strike-slip faults and the deformation could be concen-
trated on them (Canora et al., 2012). This explain the anomalies on
the results of the San Vicente Segment and the abrupt scarp in that
fault (Fig. 7 profile A, dashed black line), if we interpret the San Vicente
fault as a formed dip-slip fault reactivated.
6. Conclusions
This study reveals dip-slip movements in some faults of ESFZ, and
lateral changes of the dip-slip and the strike-slip components. The re-
sults from our analysis are consistent with some previous results de-
scribing a transtensional regime in ESFZ (i.e. Álvarez-Gómez et al.,
2008; Cáceres et al., 2005; Canora et al., 2012; Correa-Mora et al.,
2009; Guzmán-Speziale, 2001). This study reveals that there could be
an important interaction between different faults of the ESFZ. This is ev-
ident in the Lempa and El Triunfo Faults detailed study, where there are
deformation reliefs and an accommodation zone between them,
interpreted from the results of the topography analysis (Fig. 9).
The Lempa inter-segment zone is the area where distributed defor-
mation dominates, making this region an interesting zone for future
seismic hazard studies because itmay be an area acting as a seismic bar-
rier or asperity in large earthquakes along the ESFZ.
Themeasure of the basin axes in the Berlin Segment area has been a
useful tool in order to assess the strike-slip motion of El Triunfo Fault
and its slip-rate.We have interpreted along-strike variations of the hor-
izontal slip-rate from 4.6 mm/year to 1.0 mm/year decreasing approxi-
mately from the center towards the tips of the fault. From the
hypsometric analysis, we have interpreted variations along-strike in
the dip-slip movement of the fault, being the maximum uplift in the
middle and the lowest in the tips. The behavior of the El Triunfo Fault
presents a classical bell shaped distribution of the slip along the fault.
The hypsometric curves and hypsometric integrals of the basins of
the San Vicente segment and the geomorphological expression of this
fault can be explained by the hypothesis of a reactivation of structures
A B
Fig. 8.Map showing the basins of the El Triunfo Fault area. Line A–B is the profile position. Profile showing the differences of the basins' orientation along the fault. Red circles are the
orientation of each north basin of the fault area. Blue circles are the orientation of each south basin of the fault area. Red and blue lines are the trend of red and blue circles respectively.
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inherited from the previous extensional tectonic regimeand a recent ro-
tation in the maximum shortening direction. A similar tectonic evolu-
tion as described by Weinberg (1992) in Nicaragua is possible and
could explain the anomalous results in the hypsometric analyses of
the San Vicente fault linked to a very high scarp.
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Abstract The El Salvador Fault Zone (ESFZ) is an active, approximately 150 km long and 20 km wide,
segmented, dextral strike-slip fault zone within the Central American Volcanic Arc striking N100°E. Although
several studies have investigated the surface expression of the ESFZ, little is known about its structure at depth
and its kinematic evolution. Structural field data and mapping suggest a phase of extension, at some stage
during the evolution of the ESFZ. This phasewould explain dip-slipmovements on structures that are currently
associated with the active, dominantly strike slip and that do not fit with the current tectonic regime. Field
observations suggest trenchward migration of the arc. Such an extension and trenchward migration of
the volcanic arc could be related to slab rollback of the Cocos plate beneath the Chortis Block during the
Miocene/Pliocene. We carried out 4-D analog model experiments to test whether an early phase of extension
is required to form the present-day fault pattern in the ESFZ. Our experiments suggest that a two-phase
tectonic evolution best explains the ESFZ: an early pure extensional phase linked to a segmented volcanic arc
is necessary to form the main structures. This extensional phase is followed by a strike-slip dominated
regime, which results in intersegment areas with local transtension and segments with almost pure strike-slip
motion. The results of our experiments combined with field data along the Central American Volcanic Arc
indicate that the slab rollback intensity beneath the Chortis Block is greater in Nicaragua and decreases
westward to Guatemala.
1. Introduction
The El Salvador Fault Zone (ESFZ) is a segmented strike-slip fault zone with a dominant N90°E–N100°E trend
located in central El Salvador (Figure 1). This fault zone is situated in the Central America Volcanic Arc (CAVA)
near the western limit of the Chortis Block within the Caribbean plate [Martinez-Diaz et al., 2004]. Although
several studies have described the geometry and present-day kinematics of the ESFZ [Martinez-Diaz et al.,
2004; Corti et al., 2005a; Agostini et al., 2006; Canora et al., 2010, 2012], few studies have dealt with its
development and evolution. Recent studies by Canora et al. [2014] using structural field data, Digital
Elevation Model (DEM), and satellite image analysis, and by Alonso-Henar et al. [2014], using morphometric
analyses of relief suggest that part of the structures are better explained by an extensional tectonic regime
rather that the current strike-slip dominated tectonic regime in the ESFZ. Both studies conclude that an
extensional phase previous to the current tectonic regime is required to explain the overall structure of the
ESFZ. They suggest that the extensional phase is related to slab rollback of the Cocos Plate beneath the
Chortis Block, a process that was first proposed for Western Nicaragua by Weinberg [1992]. Such a possible
evolution leads to some open questions that we address in our research: Does the ESFZ form during one
phase of transtensional deformation, or do the structures in the ESFZ reflect a two-phase evolution, i.e., an
early phase of extension overprinted by a later phase of strike slip or transtension? If the latter the case is
correct, could extension have been caused by slab rollback beneath El Salvador?
Here we try to answer the questions above by using 4-D analog model experiments to test whether or not an
extensional phase prior to the current strike-slip regime is required to obtain the overall, present-day geometry of
the ESFZ. Analog modeling is an effective tool that allows us to control essential parameters (e.g., crustal thinning,
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fault kinematic, and strain rates) that may disprove or confirm our hypothesis. To date, several experimental
analog modeling studies have investigated: the influence of the orientation of the extension axis in distributed
transtension [Schreurs and Colletta, 1998; Schreurs, 2003]; multiphase rift systems [Keep andMcClay, 1997]; Riedel
experiments, using a planar and vertical strike-slip basement fault [e.g., Riedel, 1929; Tchalenko, 1970; Naylor
et al., 1986; Burbidge and Braun, 1998]; and the relationship between volcanism and strike-slip tectonics [Corti
et al., 2005b; Mathieu and van Wyk de Vries, 2011; van Wyk de Vries and Matela, 1998]. While these studies
bring light into some aspects of our study, they do not fully help answering the specific questions posed
here for the ESFZ. Therefore, we have designed sandbox experiments to model the ESFZ structures to
address alternative models and compared results with published models.
The results of this study are relevant for an appropriatemodeling of fault sources for seismic hazard assessment
in the region. Our results also contribute to the understanding of the evolution of the western plate boundary
of the Caribbean plate in Central America.
2. Tectonic Setting
The ESFZ is located in the western margin of the Chortis Block, a crustal block composed of Paleozoic
basement, Mesozoic marine sedimentary rocks, and Cenozoic rocks of the CAVA (Figure 1) [Wadge and Burke,
1983; Pindell and Barret, 1990; Rogers et al., 2002]. The CAVA formed as a consequence of subduction of the
Cocos plate beneath the Chortis Block and extends from Costa Rica to Guatemala, where it ends abruptly at
the Polochic Fault. Trenchward migration of the CAVA is suggested by the relative location of volcanism in
Nicaragua and in El Salvador; currently active volcanoes are located closer to the trench compared to the
Miocene volcanoes [Bundschuh and Alvarado, 2007]. The CAVA can be divided into three zones based on
structural style and geomorphology within the volcanic front [Álvarez-Gómez, 2009]. From southeast to
northwest these zones are the following: the Nicaraguan Depression, extending from Northern Costa Rica to
the Gulf of Fonseca [McBirney and Williams, 1965; van Wyk de Vries, 1993]; the ESFZ, crossing El Salvador from
the Gulf of Fonseca to approximately the Gualtemala-El Salvador border [Stoiber and Carr, 1973; Rose et al.,
1999; Martinez-Diaz et al., 2004]; and the Jalpatagua Fault that disappears northwestward in Guatemala
[Muehlberger and Ritchie, 1975; Carr, 1976] (Figure 1).
The northern boundary of the Chortis Block is the Motagua-Polochic-Swan Island transform fault (northern
boundary of the Caribbean plate), a fault zone with pure left-lateral strike-slip motion. The interaction
Figure 1. Tectonic setting of northern Central America. Orange triangles show the positions of volcanoes. Abbreviations are the
following: SIT: Swan Island Transform Fault; PF: Polochic Fault; MF: Motagua Fault; JF: Jalpatagua Fault; IG: Ipala Graben; ESFZ:
El Salvador Fault Zone; CAVA: Central America Volcanic Arc; GF: Gulf of Fonseca; ND: NicaraguanDepression; HE: Hess Scarpment.
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between the Caribbean, North American, and Cocos plates results in a diffuse triple junction in Guatemala,
where the deformation is distributed in a broad area [i.e., Plafker, 1976; Guzman-Speziale et al., 1989;
Guzman-Speziale and Meneses-Rocha, 2000; Lyon-Caen et al., 2006; Authemayou et al., 2011] (Figure 1).
The El Salvador Fault Zone is a 150 km long and 20 km wide deformation zone within the Salvadorian part of
the CAVA [Martinez-Diaz et al., 2004; Corti et al., 2005a]. The ESFZ consists of major strike-slip faults trending
N90°E–N100°E that concentrate most of the displacement, and secondary normal faults trending between
N120°E and N170°E. From northwest to southeast the most important faults are the following: Western
segment, Ahuachapan Fault, Guaycume Fault, Apaneca Fault, San Vicente Fault, Lempa intersegment, Berlin
Fault, and San Miguel Fault (Figure 2). The Jalpatagua Fault forms the along-strike continuation of the ESFZ to
the northwest. The along-strike continuation toward the southeast is less clear, and the ESFZ disappears at
the Gulf of Fonseca (Figure 2).
The ESFZ deforms the Quaternary alluvial deposits ignimbrites and pyroclastic flows of the Tierra Blanca
Joven and Cuscatlan Formations with right-lateral displacement along its main segments [Martinez-Diaz et al.,
2004; Corti et al., 2005a]. Horizontal offsets of Holocene deposits and of the drainage network can reach up to
200 m [Corti et al., 2005a; Canora et al., 2012]. Recent GPS and earthquake focal mechanism analysis
suggest that strike-slip motion is predominant along the ESFZ and that the transtensional component is
small [Canora et al., 2010; Staller, 2014]. However, some of the present-day tectonic and geomorphic
features of the El Salvador Fault Zone cannot be explained with the current strike-slip dominated tectonic
context [Alonso-Henar et al., 2014; Canora et al., 2014]. These include the presence of active strike-slip faults
with associated fault scarps up to 300 m and a dip of 70°, and graben-like structures (Figure 2).
3. Description of the Hypothesis
Weinberg [1992] described the neotectonic development of western Nicaragua and distinguished three
deformation phases during the upper Miocene to Holocene. The first deformation phase (Miocene to early
Figure 2. (a) Plate and relative motions of crustal blocks and main tectonic structures within Northern Central America,
modified from Álvarez-Gómez [2009]. North America fixed. JF: Jalpatagua Fault; ESFZ; El Salvador Fault Zone; ND: Nicaragua
Depression. (b) Main structures of the El Salvador Fault Zone [after Canora et al., 2012]. Green triangles are Miocene volcanoes,
and orange triangles are Pleistocene volcanoes. JF: Jalpatagua Fault; WS: Western segment; AhF: Ahuachapan Fault;
GF: Guaycume Fault; AF: Apaneca Fault; SVF: San Vicente Fault; LI: Lempa Intersegment Zone; BF: Berlin Fault; SMF: San
Miguel Fault; IR: Intipucá Range. Thin black lines are faults. Thick black lines are faults with large escarpments (ticks
indicate the downthrown side). (c) Location of major volcanism and definition of the geometry of the continuous and
discontinuous crustal weak (thinned brittle crust) zones used in the experimental procedure.
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Pliocene) is characterized by a lower subduction zone dip angle and a higher mechanical coupling of the
Cocos and Caribbean plates interface. During this stage, the shortening was perpendicular to the trench,
and the maximum horizontal stress (Shmax) was trending toward NE causing NW-SE folding. The second
phase (upper Pliocene to Pleistocene) is characterized by NE-SW extension perpendicular to the trench.
This phase is associated with an increase of the slab dip angle [Weinberg, 1992]. Rollback of the Cocos
plate and mechanical decoupling of the Cocos and Caribbean plates are interpreted to have caused the
Nicaraguan Depression, together with seaward migration of the volcanic front.Weinberg [1992] related the
slab rollback to a decrease of the convergence rate between the Cocos plate and Chortis Block previously
described by Jarrard [1986]. The third and current phase (middle Pleistocene to Holocene) generated
strike-slip faults, pull-apart basins, and the Managua Graben.
The active volcanic front in Nicaragua has a position nearer to the trench than the Miocene volcanic arc
[Bundschuh and Alvarado, 2007; Weinberg, 1992] (Figure 2a). According to Burkart and Self [1985], in
Guatemala inland Miocene volcanism is located 100 km to the north of the current volcanic front. These
authors associate the migration of volcanism with the Ipala Graben formation and not with any slab process
(Figure 1). In El Salvador, the active volcanic front is located 20 km south of the Miocene volcanic arc mapped
in Bundschuh and Alvarado [2007]. Hence, it is reasonable to hypothesize that subduction rollback of the
Cocos plate also occurred beneath El Salvador. Moreover, it is also possible that the fault scarps along the
strike-slip faults and graben-like structures along the volcanic front could also have formed during extension
related to the rollback process.
The segmentation of the CAVA has influenced the structural style [Stoiber and Carr, 1973; Burkart and Self,
1985; Agostini et al., 2006; Morgan et al., 2008]. The position of the different magma chambers conditions
crustal rheology and thereby could have determined the position of faults and the structural style [Corti et al.,
2005b; Mazzarini et al., 2010; Mathieu and van Wyk de Vries, 2011]. For example, based on geochemical data
Agostini et al. [2006] proposed three large weak areas that represent three independent large magma
chambers in the Salvadorian volcanic front. According to these authors, these weak areas could have driven
the segmentation of the ESFZ with formation of three E-W strike-slip faults with extensional step overs and
related pull-apart basins. They also concluded that the active volcanism is confined to the three segments
and almost inexistent in the pull-apart basins.
The larger E-W oriented strike-slip faults described by Martinez-Diaz et al. [2004] are consistent with
the conclusions by Agostini et al. [2006]. However, Canora et al. [2014] noticed that the San Vicente,
Ahuachapan and Apaneca Faults, and the Western Segment have associated fault scarps and tectonic
depressions that cannot be explained purely by the Quaternary right-lateral strike-slip motion identified
by Corti et al. [2005a] and Canora et al. [2012] (Figure 2). Alonso-Henar et al. [2014] quantified the active
extensional component along the ESFZ and concluded that the Quaternary strain regime cannot
generate some of these fault scarps and that a previous extensional phase is necessary to produce these
morphologies. Several major E-W faults of the ESFZ are dipping 70° [Canora et al., 2010], which would be
unusual for neoformed strike-slip faults. Quaternary motion of ESFZ reveals some transtensional strain,
but this strain is not enough to explain the whole structure of the ESFZ. Canora et al. [2014] propose a
model for the development of the ESFZ, consisting of an extensional phase that generated E-W oriented
grabens along the volcanic front, and a later transtensive deformation phase that linked those grabens
through strike-slip faults. Reactivation of the normal faults of the graben as strike-slip faults could
explain the present fault scarps of the San Vicente, Ahuachapan, Apaneca Faults, and the Western
segment of the ESFZ.
4. Experimental Procedure
We have carried out a series of experiments combining transtension, strike slip, and extensional tectonics to
investigate the formation and evolution of structures in the ESFZ. In our experiments we used different model
geometries to simulate weaker (thinned) continental crust of the volcanic arc formation associated with slab
rollback of the Cocos plate beneath the Chortis block. We model the weaker continental crust either by a
continuous thinned zone or a discontinuous thinned zone (Figures 2 and 3). Our experimental setups are
inspired by strike slip and transtensional experiments done by Schreurs and Colletta [1998] andmultiphase rift
experiments done by Keep and McClay [1997].
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4.1. Analog Materials and Model Scaling
We used granular materials and viscous materials to simulate the brittle behavior of the upper crust and the
ductile behavior of the lower crust, respectively. As granular materials we used quartz sand and brown
corundum sand with a grain size range of 80–200 μm and 88–125 μm and bulk densities of 1.56 g cm3
and 1.89 g cm3, respectively. Quartz and corundum sand have similar mechanical properties with
internal friction angles between 35° and 37° [Panien et al., 2006], similar to values obtained for upper
crustal rocks by Byerlee [1978]. As viscous material we used Polydimethylsiloxane (PDMS) with a density of
0.965 g cm3 and a viscosity value in the Newtonian regime of 5 × 104 Pa s [Weijermars, 1986]. PDMS is
considered to be a good analog material to model viscous flow of lower crustal rocks [Vendeville et al.,
1987]. However, it has its limitations as an analog of the lower crust because its density is lower than
the overlying brittle material. In our experimental setup, the PDMS is placed at the base of the model
and distributes the imposed deformation evenly over the entire width of the model and prevents the
localization of deformation.
It is necessary to establish scale ratios betweenmodel and natural prototype (expressed by the superscript
asterisk). The length ratioofourexperiments is L* = 2 × 106 (implying that 1 cm in themodel represents5 kmin
nature). The density ratio for the quartz sand is ρ* = 0.6 ± 0.08 and for the corundum sand is ρ* = 0.73 ± 0.09,
assuming values for the upper crust that range between 2.3 and 3.0 g cm3. The experiments were carried out
under normal gravity, and g* = 1. The viscosity ratio is η* = 2.5 × 1016 Pa s considering a viscosity for the lower
ductile crust of 2 × 1020 Pa s.
The strain rate is different in each model but lies within the same order of magnitude (106 s1).
Considering that the velocity ratio is V* = ė* × L*, with ė* the strain rate and assuming natural strain rates
between 1015 and 1013 s1 [Pfiffner and Ramsay, 1982]. The applied velocities in the models are
equivalent to approximately 30 mm/yr of strain rates in nature, which is close to the GPS velocity values
obtained by DeMets et al. [2010], for the studied tectonic context. The experimental parameters are
summarized in Table 1.
4.2. Modeling of Volcanic Arc Region Within Weaker Continental Crust
Activevolcanicarcshaveahigh thermalgradientwith the300–400°C isotherms,whichbrings thebrittle-ductile
transition to a shallower level than in standard continental crust [Scholz, 2002]. In case of the Taupo Volcanic
Zone inNewZealand, thebrittle-ductile transition isatapproximately6 to10kmdepth [Bryanetal., 1999],based
on seismicity data. Hasegawa et al. [2000] show that this depth is variable along the volcanic arc in Japan
with a maximum depth of 14 to 15 km and a minimum depth of 10 km in the areas with active volcanoes.
In the Mexican volcanic belt, Ortega-Gutiérrez et al. [2008] calculated a thermal gradient between 27 and
57°C km1 implying a brittle crustal thickness varying between 15 and 7 km (using 400°C). In El Salvador,
Figure 3. Experimental setup. (a) Continuous crustal thinning, (b) discontinuous crustal thinning, and (c and d) modeling
apparatus prior and after deformation. PDMS: Polydimethylsiloxane.
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Canora et al. [2010] proposed a brittle crustal thickness of 10 km based on seismotectonic analysis of the
13 February 2001 earthquake and its aftershock sequence.
To test the influence of a broad zone of crustal thinning in possible association with slab rollback, we
modeled a continuous area of thinned brittle crust with a concave-to-the-north geometry similar to the
shape of the Salvadorian volcanic arc (Figures 2 and 3a). The width of this area of 20 km is defined by the
distance between the Miocene and the Pleistocene-Holocene volcanic arc in El Salvador. This width is
modeled by a 4 cm wide strip of thinned brittle crust in the experiments. The thickness of the brittle
crust in the experiments is 2 cm in the thinned region and 2.5 in the surrounding areas corresponding to
10 km and 12.5 km in nature, respectively. To test the influence of a thinned brittle crust in association
with large magma chambers, as proposed by Agostini et al. [2006], we modeled a discontinuous thinned
brittle crust simulating three segmented zones of the volcanic arc, acting as weakness zones (Figures 2b,
2c, and 3b).
4.3. Experimental Setup
The experimental apparatus consists of two base plates that can move laterally past one another and two
longitudinal sidewalls. Computer-driven servomotors control the relative movements of the sidewalls and
base plates. The initial dimension of each model is 78.8 (length) × 23 (width) × 3 cm (height). The base and
longitudinal walls are made of carbon fiber and wood, respectively, whereas the transverse boundaries of the
model are confined by elastic rubber sheets (Figures 3c and 3d).
To simulate extension and transtension we used a similar setup as the one used by Schreurs and Colletta
[1998]. On top of the two base plates and between the sidewalls we stacked 35 bars 5 cm high and 78.8 cm
long; 18 plexiglass bars each 0.5 cm wide alternating with 17 foam bars each 1 cm wide. Before constructing
the model, the sidewalls were displaced compressing the bars from 26 to 23 cm wide, the initial width
of the model. By extending the longitudinal sidewalls after the model has been constructed, the foam
bars decompress and extensional strain is distributed across the entire model. The distributed strike-slip
component in transtension experiments is induced by moving one of the base plates, resulting in
lateral slip of each bar. Pure strike-slip experiments were done using 46 plexiglass bars each 0.5 cm
wide, 5 cm high, and 78.8 cm long between the sidewalls of the apparatus. The movement of one
of the base plates induces lateral slip between the plexiglass bars causing distributed strike slip
(Figures 3c and 3d).
The changes of thickness in the PDMS layer reflect the desired brittle crustal thickness. A 0.5 cm to 1 cm thick
layer of PDMS was placed over the foam and plexiglass bars. The thicker areas of PDMS represent the thinner
areas of the brittle layer, and the location and shape of the weak zones, either continuous or discontinuous.
The PDMS layer distributes the imposed shear evenly over the entire model and avoids localization of
deformation above the discontinuities generated between adjacent plexiglass bars. Directly on top of the
PDMS layer we sieved two quartz sand layers with an interbedded corundum sand layer, with a total
maximum thickness of 2.5 cm (Figure 3).
All experiments, except two (experiments 335 and 338), were analyzed by X-ray computed tomography
(XRCT), a nondestructive technique that allows us to analyze in detail the evolution of the 3-D geometry
of structures with time [Schreurs et al., 2003]. In addition, surface photographs were taken at regular
time steps.
Table 1. Parameters of Analog Models
Experiment No.
Nature of
Weak Zone Kinematics
Initial Model
Dimension (mm)
Total Extension of
Sidewalls (mm)
Total Movement of
the Base Plate (mm)
Ductile Layer
Thickness (cm)
Brittle Layer
Thickness (cm)
435 Continuous Strike slip 230 × 786 0 80 0.5 or 1 2.5 or 2
438 Discontinuous Strike slip 230 × 786 0 80 0.5 or 1 2.5 or 2
444 Continuous Extension + strike slip 230 × 786 8 51 0.5 or 1 2.5 or 2
443 Discontinuous Extension + strike slip 230 × 786 5.5 70 0.5 or 1 2.5 or 2
446 Continuous Transtension 230 × 786 22 54 0.5 or 1 2.5 or 2
445 Discontinuous Transtension 230 × 786 22 54 0.5 or 1 2.5 or 2
447 Continuous Extension + transtension 230 × 786 28 49 0.5 or 1 2.5 or 2
448 Discontinuous Extension + transtension 230 × 786 26 49 0.5 or 1 2.5 or 2
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5. Model Results
To test different geodynamical scenarios, we carried out experiments with the following kinematic constrains
(Table 1): (a) a single strike-slip phase, (b) an extensional phase followed by a strike-slip phase, (c) a single
transtensional phase (divergence direction (β) approximately 22°, with β = tan1 (extension/shear)), and (d)
an extensional phase followed by a transtensional phase (divergence direction (β) approximately 22°). Each
of these scenarios was tested for model runs with either a continuous or a discontinuous weak zone. The
weak zone represents an area where the viscous layer is thicker and the overlying brittle layer is thinner than
in the rest of the model, hence simulating a region of thinned brittle crust in nature. All experimental
parameters of the models are given in Table 1.
5.1. One Phase of Strike Slip
Experiments 435 and 438 (Figure 4) test whether pure dextral strike slip can generate structures similar to
those observed in the ESFZ.
Experiment 435 (Continuous Weak Zone. Figures 4a–4d). During the early stages of the experiment (γ= 0.06;
Figure 4a), left-stepping, en echelon dextral faults form above the weak zone striking at 25° to 30° (all surface
strikes are given with respect to the longitudinal sidewalls). These faults correspond to synthetic Riedel
shears (R) [see, e.g., Naylor et al., 1986; Schreurs, 2003]. In the region where the weak zone strikes at higher
angles (>10°) to the longitudinal sidewalls, R shears are longer and relays are less clear. With progressive
deformation, R shears in the left side of the model link up to form a through-going fault zone (Figure 4b). In
the region where the weak zone is parallel to the longitudinal sidewalls individual, en echelon R shears only
develop after some deformation (γ=0.13; Figure 4b). R shears and some splay faults (S) [see Naylor et al.,
1986] are still clearly visible at γ= 0.13 (Figure 4b). At a shear strain of γ=0.22, new dextral shear faults striking
at 10° to 15° link up with previously formed faults (Figure 4c). A graben with faults striking at 20° forms in
the region where the thinned brittle crust changes its strike from 30° to 0°. In the right side of the model,
new dextral faults striking at approximately 0° offset and link earlier formed dextral faults resulting in an
anastomosing fault zone (L in Figures 4c and 4d). During the late stages of the experiment, reverse faults and
strike-slip faults form in the acute corners of the model reflecting boundary effects.
Experiment 438 (Discontinuous Weak Zone. Figures 4e–4h). In this experiment the structure and its evolution
are linked to the presence of the individual weak zones. As in the previous experiment, the first faults to
appear are R shears striking at 25° (Figure 4e) but they form in correspondence to discontinuous weak zones.
With increasing deformation (γ= 0.11), R shears link up resulting in two well-developed dextral fault zones
that form a restraining step over with a pop-up structure in the central part of the model (Figure 4g). Sinistral
strike-slip faults striking at 75° (antithetic R shears) form in the left side of the model, and new dextral
faults form crosscutting and linking the pop-up structure. At advanced stages of the experiment (γ= 0.35;
Figure 4h), the push-up structure becomes inactive and P and R shears offset the structure. Two grabens
striking at 20° form on either side of the pop-up structure. Sinistral strike-slip faults, corresponding to Rl’
shears of Schreurs [2003], form in between overlapping dextral strike-slip fault zones. In the lateral parts of
the model, reverse faults related to boundary effects are frequent.
5.2. Extension Followed by Strike Slip
Experiments 444 and 443 (Figure 5) are multiphase experiments, consisting of a pure extensional phase
followed by a pure dextral strike-slip phase.
Table 1. (continued)
Max Shear
Strain (γ)
Extension Velocity
(mm/h)
Base Plate Velocity
(mm/h)
Extension Strain
Rate (s1)
Shear Strain
Rate (s1) Figure No.
0.35 20 2.4 × 105 Figures 4a–4d
0.35 20 2.4 × 105 Figures 4f–4i
0.21 9.4 20.7 1.1 × 105 2.4 × 105 Figures 5a–5c
0.30 12 20.3 0.9 × 105 1.7 × 105 Figures 5d–5g
0.21 7.3 18 0.8 × 105 1.9 × 105 Figures 6a–6c
0.21 7.5 18.5 0.9 × 105 2.0 × 105 Figures 6d–6f
0.19 First phase 7.9 Second phase 7.3 Second phase 18 First phase 1.0 × 105 Second phase 0.7 × 105 1.9 × 105 Figures 7a–7c
0.19 First phase 9.4 Second phase 7.4 Second phase 18 First phase 1.1 × 105 Second phase 0.4 × 106 2.0 × 105 Figures 7d–7g
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Experiment 444 (Continuous Weak Zone. Figures 5a–5c. XRCT Cross Sections in Supporting Information Figure S1).
During the extension phase, an almost continuous graben forms above the weak zone. The normal faults
bounding the graben have a dip of approximately 70°. The graben forms first above the weak zone that strikes
perpendicular to the extension direction. It propagates along-strike curving into the weak zone striking at an
angle. Small relays form during graben formation (Figure 5a and supporting information Video S1. This Video S1
consists of contiguous XRCT cross sections taken from right to left.)
During the second phase, normal faults are reactivated as dextral strike-slip faults. In addition, new strike-slip
faults striking at approximately 0–10° form within the graben and link up both sides of the graben. A
right-lateral strike-slip fault offsetting the graben is generated in the left side of the model above the
limit of the weak zone (fault N in Figures 5b and 5c). There are some boundary effects near the acute
corners of the model (Video S2).
Experiment 443 (Discontinuous Weak Zone. Figures 5d–5g and XRCT Cross Sections in Figure S2). During the
extensional phase, grabens form above the three weak zones striking perpendicular to the extension direction.
The grabens propagate along strike away from the weak zones and overlap partially. Graben-bounding faults
have dip angles of 70°.
Similar to the previous experiment, graben-bounding faults are reactivated as pure dextral strike-slip faults
during the second phase of deformation. In the intersegment zones (diffuse deformation areas), new faults
appear and link the grabens produced during the first phase (Figure 5f). With increasing deformation,
new dextral strike-slip faults with complex geometries and striking at low angles form within grabens or
connect segmented grabens. Some of these strike-slip faults link oppositely dipping graben-bounding
faults and change their dip direction 180° along strike (Figures 5f and 5g and Videos S3 (stage 1) and S4
(stage 3)). The structural complexity of intersegment zones (the areas between thinned brittle crust)
increases with increasing strike-slip deformation. The intersegment areas are characterized by fault relays
and complex faults with variable dip and dip direction (Figures 5d–5g and Figure S2).
Figure 4. (a–h) Experiments 435 and 438: strike slip. Grey areas indicate the initial outline of the weak zone (thinned
brittle crust).
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5.3. One Phase of Transtension
Experiments 445 and 446 (Figure 6) test whether one phase of dextral transtension can explain the complex
fault geometry of the ESFZ. The angle of divergence in both experiments is 22°.
Experiment 446 (Continuous Weak Zone. Figures 6a–6c and XRCT Cross Sections in Figure S3). In early stages
of dextral transtension, dextral strike-slip faults form above the weak zone with a 30° to 40° trend in the
left side and a 10° to 20° trend in the central right side of the model. A series of antithetic strike-slip faults
form in the left side of the model. Also, in the left side of the model, the early formed dextral strike-slip
faults acquire a component of normal slip leading to the development of a graben (Figure 6a). With
progressive deformation, this graben propagates along strike and changes its strike direction mimicking
the shape of the weak zone. With increasing transtension, the graben becomes deeper and continuous all
along the weak zone. In the right side of the model, some strike-slip faults remain active. A new 0° trending
strike-slip fault forms at advanced stages of transtension (fault N in Figures 6c and S3 and Video S5). As
the strain increases, boundary effects become apparent in the acute corners of the model.
Experiment 445 (Discontinuous Weak Zone. Figures 6d–6f and XRCT Scan Cross Sections in Figure S4). During the
early stages of transtension, dextral strike-slip faults form in the right-side model. These faults acquire a
normal-slip component with continuing transtension, and they form graben. Major dextral strike-slip faults
appear in the left side of the model, and antithetic faults appear in the central-left side of the model
(Figures 6d and 6e). Dextral strike-slip faults dip at 85–90°, and the graben-bounding faults dip at 70°. The graben
and dextral strike-slip faults strike at 20°. There is an area of diffuse deformation between the graben and the
main fault of the left side of the model (between weak zones 2 and 3). In this area, an array of sinistral strike-slip
faults form (Rl’ of Schreurs [2003]). Their dip angle decreases from subvertical to 70°. In the middle of the
model, the activity of the Rl’ shears stops, and the surrounding grabens connect and crosscut these faults. In
the left and right sides of themodel, new Rl’ shears form that crosscut the graben. In the last stages of transtension
(Figure 6f), a well-developed graben crosses themodel, and 40–50° striking Rl’shears appear and offset the graben.
Outside the main graben, Rl’ shears also form that accommodate an important part of the transtension (Video S6).
5.4. Extension Followed by Transtension
Experiments 447 and 448 (Figure 7) simulate a phase of extension followed by a phase of transtension with a
divergence angle of β = 22°.
Figure 5. Multiphase experiments 443 and 444: extension followed by pure strike slip. (a–c) Experiment with continuous
weak zone and (d–g) experiment with discontinuous weak zone. Perspective views constructed from XRCT data are
shown for experiment 444 (Figure 5c) and experiment 443 (Figure 5d). Dashed rectangle shows the location of the detail
shown in Figure 8.
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Experiment 447 (Continuous Weak Zone. Figures 7a–7c. XRCT Scan Cross Sections in Figure S5). The initial
phase of extension shows similar fault patterns to experiment 444; at the end of the extensional phase, an
almost continuous graben has formed above the weak zone (Figure 7a). The graben is slightly wider where
the weak zone is oriented perpendicular to the extension direction. Relay structures form in the region
where the orientation of the weak zone changes along strike.
During the transtensional phase (β =22°), the graben-bounding faults are reactivated and a graben forms
with a dextral strike-slip component. The orientation of the graben follows the geometry of the weak zone.
Where the trend of the graben changes along strike (lower left side of model), a 0° trending dextral strike-slip
fault extends from the graben to the left boundary of the model (fault N, in Figure 7b: this fault could be
a boundary effect). Between this fault and the graben, antithetic strike-slip faults appear (as in experiment
446, Figure 6c). In the right side of the model, the deformation is accommodated by dextral strike-slip faults
striking 10° and sinistral strike-slip faults striking 30°. The normal faults in the acute borders of the model
are the result of boundary effects (see also Video S7 and Figure S5).
Experiment 448 (Discontinuous Weak Zone. Figures 7d–7g. XRCT Scan Cross Sections in Figure S6). The initial
phase of extension has similar fault patterns to experiment 443 (Figures 5e–5g). During the early stages
of deformation, grabens striking perpendicular to the extension direction form above the weak zones.
Graben-bounding faults dip at 70° (Figure 7e and Video S8). With increasing extension, the grabens
propagate along strike and overlap with each other. The lateral termination of each graben and step overs
are closely coincident with the lateral extension of the weak zones. Minor faults near the longitudinal side
wall are a boundary effect.
The structures inherited from the extensional phase control to a large extent the formation of the
structures in the following transtensional phase. At the beginning of the transtensional stage, new faults
striking at 30° link the graben structures in the intersegment zones between the grabens pull-apart
basins are formed. The strike-slip component of the strain is accommodated inside the grabens
where new strike-slip faults link both boundary faults of each inherited graben. Graben subsidence
increases as the normal component of the grabens is still active (Figure 7f ). As transtension progresses
(Figure 7g), new Rl’ shears appear striking at 30° to 40° and offsetting the grabens. At the same time,
new dextral faults form with a trend parallel to and linking up with existing grabens. With continuing
transtension, these faults propagate and acquire a dip-slip component resulting in the formation of
grabens (Video S9).
Figure 6. Single-phase transtension experiments (a–c) 446 with a continuous weak zone and (d–f) 447 with a discontinuous
weak zone.
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6. Discussion
Our experiments were constructed to better understand the structural evolution of the ESFZ. In particular,
we have explored whether the structures of the ESFZ formed during one phase (of either strike slip or
transtensional deformation) or whether the structures in the ESFZ are better explained with a two-phase
evolutional model, i.e., an early phase of extension overprinted by a later phase of strike slip or transtension.
We divide this into three parts: First, we summarize structural aspects of strike-slip faulting and extensional-
transtensional processes from our results and previous modeling studies; second, we compare our
experimental results with the local and regional structure of the ESFZ structure with the aim to inform the
structural evolution of the fault zone; and third, we discuss the geodynamical implications of our
experimental studying the wider context of the plate boundary.
6.1. Inferences on Fault Patterns and Controls on the Structure From Analog Models
Models With a Continuous Weak Zone (Experiments 435, 444, 446, and 447). In models with a continuous
weak zone, faulting localizes predominantly above this zone. In the single-phase strike-slip experiment
(experiment 435), the fault pattern is dominated by en echelon strike-slip faults. With increasing shear, these
faults connect but only limited graben formation occurs in the overlapping releasing segments. In the other
three models, i.e., the one-phase transtensional model and the two multiphase models, a well-developed
graben system forms. The curved shape of the weak zone results in along-strike differences in fault evolution,
graben subsidence, and width. In the single-phase transtension experiment (experiment 446, β = 22°), graben
formation starts above the oblique part of the weak zone (left side of the model), whereas strike-slip faults
striking at low angles form initially above the remainder part of the weak zone. With increasing transtension,
grabens propagate laterally from the oblique part until a through-going graben system forms. In both
multiphase experiments (experiments 444 and 447) and after the extensional phase, the graben is narrower
and shallower above the oblique part of the weak zone and wider and deeper above the remaining part of
the weak zone. The existing graben faults acquire a strike-slip component during the second phase of
deformation. In the case of a strike-slip second phase (experiment 444), new strike-slip faults form mostly
within the existing graben as a result of local stress field modifications. It seems that the main principal stress
rotates anticlockwise and becomes more parallel to the strike of the graben-bounding faults. In the case of a
transtensional second phase (experiments 447), the graben-bounding faults are preferentially reactivated,
and there is less intragraben faulting.
Figure 7. Multiphase experiments 447 and 448 modeling extension followed by transtension. (a–c) Experiment 447 has a
continuous weak zone, and (d–g) experiment 448 has a discontinuous weak zone. Perspective views constructed from
XRCT data are shown for experiments 447 (Figure 7c) and 448 (Figure 7d).
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Models With a Discontinuous Weak Zone (Experiments 438, 443, 445, and 448). The fault evolution in models
with a discontinuous weak zone is more complex than in models with a continuous weak zone. During
initial deformation, faults form first above the discontinuous weak zones. In the single-phase experiments
(experiments 438 and 445), dextral strike-slip faults initially form with strikes ranging between 25 and 30° for
the pure strike-slip experiment (experiment 438) and between 15° and 20° for the transtension experiment
(experiment 445). This difference in strike is clearly related to the extensional component of deformation in the
transtension experiment and has also been documented by Schreurs [2003]. In contrast to the pure strike-slip
experiment (experiment 438), the strike-slip faults in the transtension experiments (experiment 445) do
acquire a dip-slip component with continuing deformation, which ultimately results in a major graben
structure striking at approximately 15°. In pure strike-slip experiment (experiment 438), no graben structure
forms, instead a pop-up structure forms between two major restraining fault segments. In the multiphase
experiments (experiments 443 and 448), similar fault patterns appear by the end of the initial extensional
phase. Also, in both experiments, a series of partially overlapping grabens strike perpendicular to the
extension direction. The weak zones promote the development of a clearly segmented graben system during
the first extension phase, which conditions the development of complex fault systems with local extension
at the intersegment (intergraben) zones during the second phase of the model.
En Echelon Segmented Intragraben Faults and Strain Partitioning. Keep and McClay [1997] and Bonini et al.
[1997] modeled polyphase rifting consisting of an orthogonal extensional phase and a later transtensional
phase, albeit with a different experimental setup and without the presence of a weak zone. Both studies note
that a minor part of the strike slip and extensional component is accommodated by en echelon faults
formed during the oblique rifting stage. Keep and McClay [1997] showed that the first rifting phase exerts
a major control on the subsequent structures that form during the second phase of transtensional
deformation. Their experimental study suggests that segmentation of boundary faults, segmented en
echelon intragraben faults, and salients and embayments in boundary faults are structures indicative of
multiphase rifting. Corti et al. [2003] investigated the influence of a central weak zone in polyphase rift
experiments. Their studies suggest that en echelon patterns during oblique rifting may be controlled by
magma emplacements within the main rift depression. En echelon faults inside graben systems also
appear in several of our experiments (experiments 444, 446, and 447; Figures 5–7). These en echelon faults
drive a process of strain partitioning during the second phase of deformation. That is, when a branch of the
graben is active, the opposite one is inactive, and the en echelon intragraben faults transfer the strain from
one branch to the other one. The en echelon intragraben faults link the oppositely dipping faults of the
graben system changing their dip direction along strike. In experiments by Schreurs and Colletta [1998], a
similar phenomena can be observed in a transpressional regime. In those experiments, oppositely dipping
thrusts of early formed pop-up structures are linked by strike-slip faults that change their dip direction
along strike.
Intersegment Zones and Pull-Apart Basins. The first phase of the two multiphase experiments with a
discontinuous weak zone (443 with a strike-slip second phase and 448 with a transtensional second phase)
are identical (orthogonal extension), resulting in a segmented graben parallel to the long sides of the sand
box. The segments preferentially form above the weak zones. Deformation during the second phase
creates R shears and normal faults linking adjacent and partially overlapping grabens. Normal faults
inherited from the first phase are reactivated as strike-slip faults or oblique slip faults.
While in experiment 443 (strike-slip second phase; Figures 5d–5g), the graben linkage during the second phase
of strike-slip deformation is driven by R shears (with 20°–30° angles to the model walls), the linkage is achieved
by fault with larger strikes (45–50°) in experiment 448 (transtensional second phase; Figures 7d–7g). The
differences in strikes of linking faults of pull-apart basins are consistent with the studies done byWu et al. [2009]
on the influence of the transtensional angle during the development of a pull-apart basin. Although the second
deformation phase in experiment 443 is pure strike slip, the partially overlapping grabens induce local
transtension in the releasing dextral step overs, with the graben-bounding normal faults acting as strike-slip
faults (Figure 8).
6.2. Comparison of Experimental Results With the El Salvador Fault Zone
We tried to reproduce some observations in the ESFZ in our analog models. The ESFZ is currently an
almost pure strike-slip fault zone with minor transtension [Staller, 2014; Canora et al., 2014]. Some of the
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main strike-slip faults of the ESFZ have associated fault scarps up to 300 m high and dip angles of around
70°. Both observations cannot be explained within the current strike-slip dominated tectonic context.
Some subtle graben structures have almost pure strike-slip faults bounding faults.
Our experimental results indicate that the experiment that best mimics the geometry of the ESFZ is
experiment 443, with a discontinuous weak zone and a two-phase tectonic evolution, extension followed
by pure strike slip (Figures 5d–5g and 9). In this model, the initial orthogonal extension generates
independent grabens above the weak zones. During the second deformation phase (strike slip), the
grabens are reactivated as strike-slip faults, and intergraben regions display a more diffuse deformation.
The fault pattern that forms in the early stages of phase 2 in experiment 443 (Figures 5f and 5g) is quite
similar to the ESFZ fault pattern in a broad sense (Figure 9). However, there are also minor differences. The
intersegment zones with local transtension along the ESFZ display secondary faults that are suborthogonal
to the main segments and that were not reproduced in experiment 443. This could be due to the fact that
only the northern fault of the graben-like structures of the ESFZ is being active and resulting in pull-apart
basins. In contrast, during the second phase of pure strike-slip deformation in our model, both bounding
faults of the graben are active, intragraben deformation develops, and the intersegment zones areas display
diffuse deformation with faults linking the grabens.
Although the other multiphase experiment 448 with a discontinuous weak zone also reproduces first-order
geometries observed in the ESFZ, it resembles the natural geometries less than experiment 443. However,
it is interesting to note that in experiment 448 graben linkage occurs though normal faults that are
suborthogonal to the graben structures and that are controlled by the transtensional strain during the
second phase. In the ESFZ, some transtension could be present during the second phase promoting the
development of the suborthogonal secondary faults. According toWu et al. [2009], the geometry of pull-apart
basins are controlled by the transtension angle, and small differences in the transtensional component
control linkage of the main faults and hence the final geometry.
The multiphase experiment 444 with a continuous weak zone also shows first-order geometric similarities to
the ESFZ (Figure 5b). However, in contrast to nature, a continuous graben is formed during the first
extensional phase and intersegment zones are lacking. In addition, no local transtension is observed in the
experiment during the second phase of pure strike slip.
By comparing models with a continuous and a discontinuous weak zone, we aimed to assess whether the
location of grabens and normal faulting features is related to the presence of discontinuous weak zones.
For example, Agostini et al. [2006] associated the presence of extensional features with the formation of
pull-apart structures in between weak zones. Agostini et al. [2006] interpreted the ESFZ as the result of one
phase of dextral strike-slip deformation in which three volcanic arc segments (weak zones) determine the
Figure 8. Detail of an intersegment zone of experiment 443. For location, see Figure 5g, dashed rectangle.
Tectonics 10.1002/2014TC003723
ALONSO-HENAR ET AL. ©2015. American Geophysical Union. All Rights Reserved. 145
location of the main segments of the ESFZ. They suggested that a major E-W dextral strike-slip fault developed
over each volcanic arc segment resulting in right-stepping strike-slip fault system. Pull-apart basins, with
extensional features, are inferred to have formed between the releasing step overs of the main segments
(Figure 10a). Experiment 438 (discontinuous weak zone and one phase of pure strike slip; Figures 4e–4h)
was run to investigate the hypothesis of Agostini et al. [2006]. Our results differ significantly from the model
proposed by Agostini et al. [2006]. In experiment 438 (Figures 4e–4h), two R shears appear with a push-up
structure developing between them (Figure 10b). The fact that the results of the experiment 438 differ from
Agostini et al.’s [2006] conceptual model may stem from the setup and the rheology of our experiments. This can
be inferred from comparisons with other analog models. For example, Corti et al. [2005b], modeled magma
intrusions during strike-slip experiments using a simple shear deformation apparatus. In their models strike-slip
faults parallel to the shear direction were formed. In experiments by Holohan et al. [2008] simulating caldera
collapse in a strike-slip tectonic regime, they note that prior to caldera collapse restraining structures are formed
and that faults are not parallel to the displacement direction. We suggest that the model setup used by
Corti et al. [2005b] and Holohan et al. [2008], together with the viscous material used to simulate ductile crust,
controls the degree of coupling with the basal plates and controls whether or not strike-slip faults form
parallel to the displacement direction. A weaker ductile crust together with a simple shear apparatus promote
the development of segments over the discontinuities and the development of pull-apart basins in the
intersegment zones as proposed by Agostini et al. [2006] (Figure 10a).
Stoiber and Carr [1973] and Agostini et al. [2006] highlight the existence of well-developed volcanic segments
in the ESFZ with monogenetic volcanoes in the intersegment areas. From the results of our experiments,
we infer that the main faults of the ESFZ are spatially associated with the volcanic segments of the CAVA in
El Salvador. Strain localized predominantly at the main volcanic segments of the CAVA during the initial
extensional deformation phase. At the intersegment areas (extensional step overs), strong local extension
occurs after this first extensional stage. Local extension at intersegment areas can promote magma transport
from the source toward the surface through the extensional structures, which explains the presence of
monogenetic volcanism [van Wyk de Vries, 1993; Le Corvec et al., 2013] (Figures 10c and 11c).
6.3. Tectonic Evolution of the ESFZ and the Western Limit of the Chortis Block
Here we present a scenario for the recent tectonic evolution of the ESFZ and compare to adjacent faults
systems in Nicaragua and Guatemala. We discuss the kinematics of the fault systems along the CAVA within
Figure 9. Comparison between experiment 443 (stage 3) and the ESFZ. Same abbreviations as in Figure 2. Half arrows
indicate the strike-slip movement of the graben-bounding faults. Full arrows indicate local transtension located in the
intersegment zones, both in the model and in the structural map.
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the context of the plate boundary between
the Cocos and Caribbean plates as inferred
from our experiments and previous studies.
Recent dynamic models and GPS velocity
measurements indicate that the strike-slip
regime along the CAVA is driven by the
relative eastward migration of the Caribbean
plate relative to North American Plate
[Álvarez-Gómez et al., 2008; Correa-Mora
et al., 2009; Franco et al., 2012]. In El Salvador,
decoupling of the subduction interface
between the Cocos plate and the Chortis
Block of the Caribbean [Lyon-Caen et al.,
2006; Álvarez-Gómez et al., 2008] and slab
rollback are present and are possibly related
to a decrease in the opening rate of the
East Pacific Rise during upper Pliocene to
Pleistocene as described by Jarrard [1986].
The subduction of the Cocos plate beneath
the Chortis Block could have conditioned
the location, size, and shape of weak zones.
Mantle and crustal melt in association
with the subducting slab can produce
discontinuous emplacement of magma
chambers or localized areas of partial melt
(weak zones) along the volcanic arc.
It is difficult to reconstruct the temporal
evolution of slab rollback of the Cocos plate
beneath and along the CAVA, because of the
lack of precise age data of volcanic activity.
The paleovolcanic arc in El Salvador consists
mainly of Miocene lavas of the Balsamo
Formation [Bosse et al., 1978], with ages of
7.2–6.1 Ma (K-Ar data [Lexa et al., 2011]). The
oldest volcanic rocks within the active volcanic front are the ones of the Cuscatlan Formation with K-Ar ages
of 1.9–0.8 Ma [Lexa et al., 2011]. Hence, the rollback process could have taken place in Miocene to Pliocene
times, which is between ~7.2–6.1 Ma and 1.9–0.8 Ma.
From the results of our experiments, we broadly distinguished two faulting styles that can be correlated with
structures found in the Nicaraguan Depression and the ESFZ. The multiphase experiments 444 and 447 with
continuous crustal thinning produce an almost continuous graben with inner strike-slip faults. The inner strike-
slip faults are generated during the second phase of strike slip or transtensional deformation and could be an
analog for the structures found in the Nicaraguan Depression. Multiphase experiments with a discontinuous
weak zone (in particular experiment 443) reproduce better the diffuse and complex deformation of the ESFZ.
Along the CAVA we distinguish three faulting styles from Guatemala, via El Salvador to Nicaragua in
association with a decreasing influence of the rollback process from west to east. On the western part of
Nicaragua, the current deformation is inside a well-developed semigraben filled with sediments and
Quaternary ignimbrites that bury large number of the structures [van Wyk de Vries, 1993] (the Nicaraguan
Depression). In El Salvador, the faults are not restricted to one main graben but deformation is distributed
over a wide fault zone. In El Salvador, areas of discrete deformation (well-developed fault segments) alternate
with areas of diffuse deformation (intersegment zones). In Guatemala, the deformation along the CAVA is
concentrated along a discrete fault zone, the strike-slip Jalpatagua Fault [Muehlberger and Ritchie, 1975]
where extension is minor.
Figure 10. Deformation models: (a) Model proposed by Agostini
et al. [2006] for ESFZ based on geological data and assuming one
phase of pure strike slip. Areas of thinned brittle crust (green areas)
control the location of strike-slip deformation. Areas in between
strike-slip segments are pull aparts (extension). (b) Single-phase pure
strike-slip experiment 435, with discontinuous weak zone combined
with pure strike slip. Note that this experiment aims to replicate
Agostini et al.’s [2006] conceptual model but does not succeed in
replicating it. (c) Multiphase experiment 443 with a discontinuous
thinned brittle crust undergoing extension followed by pure strike slip.
This experiment explains the presence of segmented grabens [Canora
et al., 2014], the strike-slip reactivation of graben faults, and the
presence of pull-apart structures in between thinned crustal areas.
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The crustal extension and the seaward migration of the volcanic front would result in thinning and heating of
the upper crust. This process seems to have been more pronounced in Nicaragua than in El Salvador, as
expressed by the well-developed graben structure in the Nicaraguan Depression compared to the less
developed graben structure in El Salvador. The independent magma chambers described by Agostini et al.
[2006] for El Salvador can be explained by irregular crustal thinning along the volcanic arc. Slab rollback in
association with irregular crustal thinning could have produced smaller graben structures in El Salvador
as suggested by Canora et al. [2014]. For this reason, we think that the independent magma chambers
described in Agostini et al. [2006] could be related to an irregular crustal thinning along the volcanic arc.
The dip of the Wadati-Benioff Zone increases from Guatemala toward Nicaragua [Álvarez-Gómez, 2009;
Funk et al., 2009]. This can be associated with to an increase in the subducting slab rollback beneath the
Chortis Block from Guatemala to Nicaragua. An increasing slab rollback from northwest to southeast would
explain not only the increase in the dip of the Wadatti-Benioff Zone but also the differences in the faulting
style along the CAVA, and the trenchward migration of the volcanic arc in El Salvador and Nicaragua.
7. Conclusions
Our experimental approach allows us to clarify some observations made in the ESFZ, such as the presence
of extensional structures in the current pure strike-slip regime, the dip angle of the main faults, the
Figure 11. Proposed tectonic evolution of the ESFZ. Green triangles are Miocene volcanoes. (a) Miocene volcanism and low slab dip angle. (b) Extensional phase
during Pliocene. Segmented graben structures and emplacement of the main segments of the CAVA in El Salvador. Increase of the slab dip angle. Orange triangles
are Plio-Pleistocene volcanoes. (c) Plio-Pleistocene, strike slip, or transtensional (low divergence angle) phase, early stage. Development of intersegment zones and
graben faults reactivation. (d) Holocene, evolved stage of the strike slip or transtensional (low divergence angle) phase, current appearance of the ESFZ.
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seaward migration of the volcanic arc, and the segmentation of the fault zone. Based on the experiments
and the discussion presented above, we conclude that the ESFZ is not a neoformed fault zone, but the
result of a two-phase structural evolution similar to that proposed by Canora et al. [2014] based on
geological observations.
Experiments with a discontinuous weak zone, representing a weaker crust, and a two-phase evolution
consisting of an initial extensional phase followed by a strike-slip phase, best explains the present-day
structures observed in the ESFZ. In particular, this model explains the presence of dip-slip fault scarps and
stepping graben structures that formed during the extensional phase and the subsequent reactivation
of those structures as pure strike-slip faults. The location of areas of partial melt within the volcanic arc
(represented by the discontinuous weak zone in the experimental models) controls the segmentation of the
ESFZ. During the extensional phase, the grabens formed above the areas of thinned (weak) crust. During the
subsequent predominantly strike-slip phase, the grabens faults are reactivated and intersegment zones
(areas between grabens) are developed.
The initial extensional phase can be correlated to slab rollback of the Cocos plate beneath the Chortis Block.
The volcanic ages in El Salvador allow us to infer that the rollback process occurred between 7.2–6.1 Ma
and 1.9–0.8 Ma (ages from Bosse et al. [1968] and Lexa et al. [2011]). Mantle and crustal melt in association
with the subducting slab produced discontinuous emplacement of magma chambers, or localized areas of
partial melt, along the volcanic arc. These areas of thinned brittle crust control the formation of grabens
along the CAVA in El Salvador. Once rollback stopped, the initial extensional structures were reactivated as
major strike-slip faults during the second phase (from 1.9–0.8 Ma to the present), a phase characterized by a
predominant strike-slip regime. During the second phase, the intersegment zones undergo distributed
deformation and local transtension and releasing bends and pull-apart basins formed (Figure 11).
The experiments undertaken with a continuous crustal thinning do not reproduce structures similar to the
ESFZ. However, those models present a structural style closer to the structures in the Nicaraguan Depression.
The more pronounced development of graben structures in Nicaragua could be a consequence of a more
intense extensional phase in Nicaragua than in El Salvador. According to the structures present along the
CAVA from Guatemala to Nicaragua and the dip of the Wadati-Benioff Zone, we propose that the rollback
beneath the Chortis Block had less influence on the kinematics of Guatemala and an increased influence
eastward toward Nicaragua.
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INTRODUCTION
In the regions where few field neotectonics and paleoseismic
studies have been performed (e.g., Central America), the inter-
pretation of the seismic sources responsible for the historical
(preinstrumental) catastrophic earthquakes lies almost entirely
in the spatial distribution of damage interpreted from historical
sources, mainly fragmentary written documents. The occur-
rence of catastrophic earthquakes affecting this region justifies
the necessity of a deeper analysis of the geologic implications of
the more significant historical earthquakes in light of the new
insights. Recent advances in the identification and dating of
surface-rupture evidences along the central El Salvador vol-
canic arc led us to revisit some historical evidence of damage
along this region and to combine geologic (paleoseismic) evi-
dence with damage distribution.
At least 11 destructive earthquakes have occurred in El
Salvador since 1900 (White and Harlow, 1993; Fig. 1). These
events caused more than 3000 deaths as a consequence of strong
ground motions and/or subsequent landslides (Bommer et al.,
2002). The instrumental earthquake record shows that large
(Mw >7) events occurred as reverse fault events along the inter-
face between the subducted plate and the over-riding continental
plate or as normal-faulting events within the subduction plate
resulting from extensional forces generated by slab-pull forces
or by bending of the subduction plate (Álvarez-Gómez, 2009).
Onshore, instrumental earthquakes have been reported with
moderate magnitudes (Mw <6:6) in association with the highly
seismic volcanic arc area. Preinstrumental historical records
larger thanMw >7:0 usually have been assigned to the subduc-
tion zone, whereas historical records with Mw <7:0 have been
assigned to the volcanic arc regions (White et al., 1987; Dewey
and Suárez, 1991; Harlow et al., 1993; White and Harlow,
1993). However, paleoseismic studies provide evidence of large
earthquakes (Mw >7:0) associated with the rupture of the El
Salvador fault zone (ESFZ; Canora et al., 2012). This fault zone
has a complex structure composed five segments, dominated by
east–west to east-southeast–west-northwest strike-slip faults.
The total structure extends for 150 km through central El
Salvador. Some of those large surface-rupture events are dated
to the eighteenth century and later, opening the possibility of
reinterpreting historical destructive events that were previously
located using only damage distribution.
The last two destructive earthquakes occurred on 13 Janu-
ary and 13 February 2001. TheMw 7.7 January event ruptured
part of the subducting plate and caused around 944 deaths in
El Salvador, mainly from triggered landslides (Bommer et al.,
2002). The Mw 6.6 February event struck the central part of
El Salvador and caused another 315 deaths, thousands more
injuries, and extensive damage (Fig. 1). This earthquake was
associated with the reactivation of the San Vicente segment
of the ESFZ (Canora et al., 2010).
The ESFZ is a major structure in the Central American
volcanic arc associated with high rates of historical seismicity.
Global Positioning System velocity data indicate strain accu-
mulation rates of 9–10 mm=yr for the ESFZ (Alvarado et al.,
2011). The San Vicente segment is an east–west-oriented
right-lateral strike-slip fault that extends more than 20 km
from the Ilopango caldera to the city of San Vicente (Fig. 2a).
Paleoseismic studies undertaken on this fault segment after the
2001 earthquake (Canora et al., 2012) found only subtle evi-
dence of the 2001 rupture in the trenches but substantially
large coseismic displacements for previous events, suggesting
that prior ruptures along the ESFZ could have been associated
with earthquakes much larger than the 2001 Mw 6.6 event.
In this paper, we analyze a new trench excavated at the site
on the ESFZ with the highest surface expression of the Febru-
ary 2001 Mw 6.6 El Salvador earthquake, in order to compare
the event displacement with the magnitude. Then we review
the historical record of destructive earthquakes in El Salvador,
reinterpret the damage distribution, and compare them with
the previous paleoseismic event displacements and ages to
evaluate if any of those large historical events occurred on the
ESFZ. We also construct a new isoseismal map for the 6 March
1719 earthquake that suggests the damage reported could have
been a consequence of rupture of the ESFZ rather than of sub-
duction zone. We thus challenge the traditional assumption
that only the subduction zone is capable of generating earth-
quakes of magnitude greater than 7.0 in this region.
The assumption of a greater maximum potential magni-
tude than that considered until now for earthquakes associated
with the faults located along the Salvadorian volcanic arc has
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important implications in seismic-hazard assessments in this
region.
PALEOSEISMICITY: FINDING LARGE EVENTS
ALONG THE ESFZ DURING HISTORICAL TIMES
Previous studies carried out paleoseismic analysis along the San
Vicente segment of the ESFZ (Fig. 2b), the segment responsible
for the 2001 Mw 6.6 earthquake, to assess the recent rupture
history of that part of the fault (Canora et al., 2012). To de-
termine the timing of large earthquakes, Canora (2011) iden-
tified and dated stratigraphic units that were displaced by the
fault (Figs. 3 and 4). Ages for stratigraphic units in the trenches
either come from the identification of known airfall tephra in
the trenches (e.g., Dull et al., 2001; Hernández, 2004) or by
radiocarbon dating of organic samples in the trench sediments
(Canora et al., 2012). From this study, at least seven events
were identified on the San Vicente segment of the ESFZ in
the last ∼8 ka (Figs. 3, 4, and 5).
Despite the existence of morphological evidences and eye-
witness descriptions of cracking along the fault zone during the
February 2001Mw 6.6 earthquake, the surface rupture was not
observed clearly on most of the trench walls (Fig. 3) (Canora,
2011). This can be explained by the very small vertical offset on
the fault that produced an almost pure strike-slip movement,
with a maximum horizontal offset of 0:6 0:1 m (Canora
et al., 2010).
To quantify the single-event displacement associated with
the February 2001 earthquake, we excavated a new trench
(Buenavista trench) at the place where the surface evidence
of slip was more conspicuous and the lithological conditions
were more adequate to observe subtle deformations (Fig. 2b).
In this trench, the 2001 event is observed as a small fracture
with 0:1 0:05 m of vertical displacement (Fig. 6) and a net
slip of 0:5 0:1 m. Single-event displacements of older earth-
quakes identified in the trenches appear to be highly variable,
with a net slip ranging from 0:6 0:1 to 9:6 1:5 m (Fig. 5).
It is possible that the largest single-event displacements either
represent more than individual events on the San Vicente seg-
ment or events that ruptured multiple fault segments (Canora
et al., 2012). Although the uncertainties in the estimation of
net slip in strike-slip faults using paleoseismic trench data are
important, the large single-event displacements (2:3 0:5 and
3:7 0:7 m net displacements in Fig. 5), together with empir-
ical relations (Wells and Coppersmith, 1994), suggest the
occurrence of at least two earthquakes withMw >7 in the last
1.5 ka (Canora et al., 2012).
HISTORICAL SEISMICITY: BRINGING THE 1719
EARTHQUAKE TO THE MAINLAND
The historical record in El Salvador covers the last ∼500 years;
thus, it could be possible that one of the events recorded in the
paleoseismic analysis could also be recorded in the historical
documents. We investigated historical and instrumental seis-
mic catalogs compiled by different national and international
institutions (data available online at http://www.snet.gob.sv/
ver/sismologia/registro/estadisticas/, http://neic.usgs.gov/, and
http://www.isc.ac.uk/; last accessed December 2013), and we
also reviewed the related literature (Bustillo, 1774; Montessus
de Ballore, 1884; Díaz, 1930; Lardé-Larín, 1978; Martinez and
Maximiliano, 1978; Harlow et al., 1993; White and Harlow,
1993; Peraldo and Montero, 1999; Ambraseys and Adams,
2001; Dewey et al., 2004; White et al., 2004). The spatial dis-
tribution of damage used in those studies is not precise enough
to provide a unique interpretation of the earthquake source
associated with some of the large events, specifically the
1719 earthquake. Bustillo (1774) and Montessus de Ballore
(1884) created the first earthquake catalogs for the region, but
the majority of the information concerns the largest cities.
Later, Martinez and Maximiliano (1978) and Lardé-Larín
(1978) introduced more extensive descriptions of earthquake
damage into their catalogs, using data from primary sources.
Peraldo and Montero (1999) and White et al. (2004), together
with Lardé-Larín (1978), have been key sources of data for
this study.
+The penultimate event (Mw 7:1 0:1; magnitude de-
rived from regressions of Wells and Coppersmith, 1994)
found in the paleoseismic trenches (event 2 in Fig. 3) occurred
between A.D. 1485 and 1803. This major event must be reg-
istered in the historical catalogs. We hypothesize that this event
could be correlated with the 6 March 1719 earthquake re-
corded in the historical seismic catalogs. Based on the historic
▴ Figure 1. Shuttle Radar Topography Mission image of
El Salvador with locations of historically destructive earthquakes
and instrumental earthquake epicenters (period 1977–2001) from
the U.S. Geological Survey’s National Earthquake Information
Center catalog. Smaller focal mechanism symbols are for events
of Mw > 5:5 (1977–2001; Global [formerly Harvard] Centroid
Moment Tensor database), and larger focal mechanism symbols
are for events of Mw > 6:5 (from Buforn et al., 2001). The white
dashed line shows the El Salvador border. The inset shows the
study area location with the tectonic plates, major crustal blocks,
and faults of northern Central America. The arrows show relative
displacements.
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records, some authors have proposed that the subduction zone
was the source of this earthquake (see Peraldo and Montero,
1999; White et al., 2004), and assigned aM s 7.2 based on MMI
VII contour area of 9243 km2.
Peraldo and Montero (1999) created an isoseimal map for
the 1719 event based on macroseismic parameters taken from
the historical sources. To evaluate the validity of this isoseismal
map in assessing the position of the seismic source, we analyze
the damage distribution produced by the two destructive earth-
quakes that occurred in 2001 in El Salvador (Fig. 7a,b). The El
Salvador Centro de Investigaciones Geotécnicas (CIG) made
preliminary isoseismal maps for the January and February 2001
earthquakes that were published on the Internet (http://www
.snet.gob.sv/Geologia/Sismologia/isosista_2001.htm, last ac-
cessed December 2013). These events can be used as a modern
analog of damage distribution for historical events.
The MMI contours of the 13 January Mw 7.7 earthquake
source, located in the subduction zone, are open to the south of
the country (Fig. 7a), whereas the MMI contours of the Feb-
ruaryMw 6.6 earthquake close around the epicenter are located
within the volcanic arc (Fig. 7b). In Figure 7a and 7b, we have
included a Kriging interpolation of the peak ground acceler-
ation spatial distribution for the 2001 earthquakes with data
taken from Bommer et al. (2002) and Salazar and Seo (2003).
The isoseismal geometry is fairly coherent with the spatial dis-
tribution of maximum horizontal accelerations recorded. Seis-
mic intensity (MMI) and peak ground acceleration (PGA) are
two parameters that describe the degree of ground shaking for
earthquakes and depend largely on local factors. No relation-
ship between PGA and MMI exists for El Salvador, and those
that best-fit are proposed by Wald et al. (1999) for California
and Linkimer (2008) for Costa Rica.
▴ Figure 2. (a) El Salvador active fault traces (black lines) and main fault traces (white lines), with segments of the ESFZ overlaid onto a
10 m resolution Digital Terrain Model (DTM) derived from a 1:25,000 topographic map. (b) Fault traces, paleoseismic trench sites, and
surface ruptures of the February 2001 earthquake on the San Vicente segment.
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There are some difficulties in relating PGA and MMI.
Seismic intensity considers a subjective description of human
response to ground shaking and a description of building dam-
age. Therefore, numerous factors may affect the MMI estimate
at a particular site. On the other hand, PGA simplifies the com-
plexity of ground shaking without considering factors such as
duration, spectral content, and resonance that may consider-
ably affect the MMI estimate. Furthermore, PGA only refers to
a maximum value at a single point, as opposed to MMI, which
refers to a maximum or average level of damage and earthquake
effects throughout an area.
Given these considerations, if we consider the 1719
earthquake as a subduction event, the PGA–MMI relationship
indicates that the ground acceleration should have been much
higher in the Salvadorian coast than around San Salvador or
San Vicente. This would result in extensive damage to coastal
communities such as La Libertad and Acajutla. We know that
these communities were important commercial harbors at the
time of the earthquake (Gerhard, 1960; Fondo de Inversión
Social para el Desarrollo Local [FISDL], 2006a; Casa Cultura
de la Libertad, 2008; León-Sáenz, 2010); however, we could
not find any record of damage at these locations, which leads
us to believe that there was no damage or the damage was not
significant enough to be recorded.
The contour map defined by Peraldo and Montero (1999)
for the 6 March 1719 earthquake shows the MMI VII contour
opened to the south, as expected from a source located in the
subduction zone (Fig. 7c). However, as already mentioned, we
have not found any descriptions of damage or seismic effects in
the analyzed historical documents in the southern part of El
Salvador, the area that would be closer to the epicenter assum-
ing a subduction source. Peraldo and Montero (1999) even
said that, “looking closely the earthquake damage reports, only
the San Salvador and San Vicente area suffered significant
damage.” Moreover, the isoseismal map and the acceleration
map produced by the January 2001 Mw 7.7 subduction earth-
quake corroborate that this kind of event should produce sig-
nificant damage in the coastal region of El Salvador (Fig. 7a).
To clarify this inconsistency in the 1719 earthquake damage
distribution, we reanalyzed the damage descriptions in the
documents and reinterpret the intensity data (Table 1). Peraldo
and Montero (1999) and White et al. (2004) indicate an MMI
of VIII for Zacatecoluca, referring to White and Cifuentes
(1988). This work is unpublished, so we could not identify
▴ Figure 3. Logs of the El Carmen and Olivar trenches and the Camino exposure studied on the San Vicente segment of the El Salvador
fault zone (ESFZ).
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the primary data source for the Zacatecoluca damage. In our
research, we have found no reference to damages in this loca-
tion. We believe that, if there had been an intensity in Zaca-
tecoluca equal to that of San Salvador and San Vicente, there
would have been some evidence of damage recorded, since Za-
catecoluca by then was an important town in El Salvador, with
higher population than San Vicente (Browning, 1975; Cortes y
Larraz, 1985; FISDL, 2006b).
Lardé-Larín (1978) and Peraldo and Montero (1999)
compiled some descriptions of large fractures, liquefaction
zones, and a sulphuric gas leak produced by the 6 March
1719 earthquake, as well as the destruction of numerous build-
ings, including houses, churches, and monasteries, especially in
the cities of San Salvador and San Vicente. These authors also
described a large number of foreshocks and aftershocks felt in
the area. The number of deaths at the time of the mainshock
was unexpectedly low (seven deaths) for the size of the event,
possibly as a result of the warning effect resulting from the 150
felt foreshocks (Lardé-Larín, 1978). The earthquake occurred
onMonday at about 1:00 a.m. Probably the population, alerted
by the foreshocks, was spending the night on the streets at the
time of the earthquake. In addition, the event occurred at the
end of the dry season, so could have involved a low number of
geotechnical effects (e.g., landslides and lateral spreading) as-
sociated with the earthquake. In El Salvador, landslides caused
by earthquakes raised the number of deaths and injuries
(Bommer and Rodríguez, 2002). The absence of large land-
slides associated with the earthquake of 1719 (if it happened)
could also have contributed to the low number of victims.
The descriptions of the 1719 earthquake effects around
the cities of San Salvador and San Vicente (Lardé-Larín,
1978; Peraldo and Montero, 1999) are very similar to those
reported after the February 2001 earthquake in terms of dam-
age distribution.We constructed a new isoseismal map (Fig. 7d)
based on physical effects and damage data found in the liter-
ature (Table 1). We used a Kriging interpolation method that
is considered an adequate technique in macroseismology
(Schenková et al., 2007). In Figure 7d, the isoseismals show
slight west–east orientation controlled by the distribution of
MMI VIII, which form two spots in the meizoseismal area.
This isoseismal geometry is coherent with the position of
the ESFZ in the central part of the country and similar to
the damage produced by the February 2001 earthquake
(Fig. 7b).
▴ Figure 4. Summary of the amount and timing of fault ruptures based on the trenches excavated on the San Vicente segment of the
ESFZ. (SED. single-event displacement in meters.)
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DISCUSSION AND CONCLUSIONS
Active faults in volcanic arc regions usually are not considered
capable of generating large-magnitude shallow earthquakes due
to mechanical conditions of the crust. However, recent pale-
oseismological studies on the ESFZ support the proposal that
large earthquakes can occur in the central Salvadorian region
(Canora et al., 2012). This inconsistency may be related with
the kinematics of the ESFZ. In El Salvador, there are evidences
of weak subduction coupling (Pacheco et al., 1993; Guzmán-
Speziale and Gómez-González, 2006; Álvarez-Gómez et al.,
2008; Correa-Mora et al., 2009), hence the state of the stress
in the volcanic arc depends on the tensional forces due to the
drift of the Caribbean plate toward the east (Álvarez-Gómez
et al., 2008). In this context, the ESFZ is a strike-slip transten-
sional fault that represents a plate’s limit between the fore-arc
sliver and the Chortis block. Therefore, the seismic behavior of
the ESFZ is not that expected for volcanic arc faults, and this
could be a reason for the occurrence ofMw ≥7 earthquakes in
the El Salvador volcanic arc.
It was not until the occurrence of the February 2001
Mw 6.6 earthquake that the ESFZ was defined (Martínez-Díaz
et al., 2004), and consequent studies identified it as a source of
large strike-slip earthquakes (Canora et al., 2010). Several seg-
ments of the ESFZ form part of a large dextral strike-slip system
within the active volcanic arc of El Salvador. The 2001Mw 6.6
earthquake was a moderate-size event, but it produced signifi-
cant damage and thousands of injured. Earlier events that
occurred during the last 1500 years show displacements rang-
ing from ∼0:6 m to as much as 3.7 m, suggesting that the fault
is capable of generating surface-rupture earthquakes of Mw >
7:0 (Canora et al., 2012). An example of these large events
might be the 6 March 1719 earthquake.
Peraldo and Montero (1999) calculated a magnitude
M s 7.2 for the 1719 earthquake, assuming that it was a sub-
duction intraplate event and entering a maximum intensity
value of VIII. They claim that large surface earthquakes in the
subduction zone generate higher intensities in the coastal zone
and decrease in intensity further inland. We agree with this
statement; however, in the case of the 1719 earthquake, we
found no evidence that the maximum intensities occur in the
coast and decrease inland, as there are several ancient popula-
tions in the coastal zone (e.g., La Libertad and Acajutla) in
which no damage from this event was reported.
Comparing the MMI VII contour area for the March 1719
earthquake from our isoseismal map (Fig. 7d) with that of the
February 2001 earthquake (Fig. 7b), we can conclude that the
1719 event must have had a greater magnitude than Mw 6.6.
To attempt to determine the magnitude for the 1719 earth-
quake, we analyzed the empirical relationships between the area
covered by the isoseismal and the magnitude defined in North
and Central America (Bollinger et al., 1993; Suter et al., 1996),
and we used the February 2001 earthquake to check its validity
for El Salvador. We found that these relationships clearly
underestimate the magnitude, which may be explained by the
greater energy attenuation in the Salvadorian volcanic arc,
probably due to high structural complexity bound to a strong
lithological anisotropy in surface levels. The relationship
defined by Bollinger et al. (1993) for crustal earthquakes is
the best fit for El Salvador. However, this relationship indicates
a magnitude of about 6.0 if we use the MMI VII area, and even
lower if we use the MMI VI area, for the February 2001Mw 6.6
▴ Figure 5. Summary of the amount and timing of fault ruptures
based on the paleoseismic analysis of the trenches excavated on
the San Vicente segment of the ESFZ. (SED, single-event displace-
ment in meters.)
▴ Figure 6. Paleoseismic Buenavista trench log on the San
Vicente segment of the ESFZ.
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▴ Figure 7. (a) The isoseismal map for modified Mercalli intensity (MMI) distribution for the January 2001 El Salvador earthquake, after
CIG (2001), and peak ground acceleration map based on Salazar and Seo (2003) data. (b) The isoseismal map for MMI distribution for the
February 2001 El Salvador earthquake after CIS (2001), and peak ground acceleration map based on Salazar and Seo (2003) data. (c) The
reported MMI distribution and epicentral location from the 6 March 1719 El Salvador earthquake from Peraldo and Montero (1999). (d) The
isoseismal map from this study based on the MMI distribution reported from the 1719 El Salvador event, with epicentral location proposed
by Lardé-Larín (1978). Note the difference in the MMI VII contour areas between this event and the February 2001 Mw 6.6 event. Thicker
black lines are the main faults within the ESFZ for the four maps.
Table 1
Information from Felt Reports to Estimated Relative Intensities Associated with the 6 March 1719 Earthquake
Area Description of Damage Earthquake Intensity (MMI)
San Salvador Entirely ruined VIII
San Vicente Entirely ruined VIII
San Miguel Slightly damaged VI
Sana Ana Slightly damaged VI
Apastepque Ruined VII–VIII
San Cayetano Istepeque Very badly affected VII
San Martín Perulapán Ruined VII–VIII
Zacatecoluca Slightly damaged VI
Cojutepeque Very badly affected VII
Sonsonate Cracked, minor damaged VI
The maximum intensity of VIII occurred in the central part of El Salvador. Earthquake intensity reflects the observed physical
effects and damage related to local ground shaking as described in the modified Mercalli intensity scale.
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El Salvador earthquake (Fig. 8). Using the Bollinger et al.
(1993) relationship, we calculated an Mw 6.6–6.8 for the
1719 event (Fig. 8) for the isoseismal areas proposed in this
paper (Fig. 7d). It is true that the scatter of the data used
by Bollinger et al. (1993) is significant, so the real magnitude
for the February 2001 El Salvador earthquake can be included
in the standard deviation associated with these relationships.
Despite this, we consider these empirical relationships under-
estimate the magnitude in El Salvador; therefore, the 1719Mw
event may have reached a moment magnitude greater than 6.8,
and it is possible that it was greater than 7.0.
The isoseismal map from this study indicates that the
source of this earthquake could have been a large (Mw ≥6:8),
shallow (<20 km depth) rupture within the volcanic arc of El
Salvador, and this is coherent with a fault source located in the
ESFZ. The 6 March 1719 earthquake could correspond with
▴ Figure 8. Empirical relationship between the moment magnitude and the MMI VII and VI areas from Bollinger et al. (1993). Large black
stars represent the February 2001 El Salvador earthquake according to the empirical relationship, and gray stars show the real magnitude
and isoseismal area for this event. The large circles represent the March 1719 earthquake according to data from this study, and the
triangle shows this same event according to Peraldo and Montero (1999) data.
Table 2
Earthquake Moment Magnitudes (Mw) and Recurrence Intervals (RI) Derived from Scaling Relationships for Mapped Lengths
and for Fault Parameters from Paleoseismic Studies of the El Salvador Fault Zone
Mapped Lengths Surface-Rupture Length Mw* Mw† Mw‡ RI1§ (yr) RI2§ (yr) RI3§ (yr)
San Vicente segment 21 6.6 6.7 6.5 328 465 236
San Vicente and Lempa segments 49 7.1 7.0 6.9 766 602 442
San Vicente, Lempa,
and Berlin segments
73 7.3 7.2 7.1 1141 680 593
San Vicente, Lempa, Berlin,
and San Miguel segments
123 7.6 7.4 7.4 1922 797 872
*Mw  4:18 2= 3 logW   4= 3 logL (Stirling et al., 2008) in kilometers. Mw, moment magnitude; W , seismogenic width
(10 km); L, surface rupture length (km).
†Mw  5:56 0:87 logL (Wesnousky, 2008). L, surface rupture length (km).
‡Mw  5:12 1:16 logL − 0:20 logS (Anderson et al., 1996). L, surface rupture length (km); S , slip rate (5 mm= yr).
§RI  Mo= _Mo; logMo  16:1 1:5Mw (Hanks and Kanamori, 1979); _Mo  μA_s (Brune, 1968). Mo, seismic moment (dyn·cm);
_Mo, seismic moment rate; μ, average shear modulus; A, fault rupture area; and _s, average slip during the earthquake. RI1, RI2, and
RI3 are recurrence intervals based on the magnitudes calculated using the empirical relationships of Stirling et al. (2008),
Wesnousky (2008), and Anderson et al. (1996), respectively.
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one of the ruptures identified in the San Vicente segment of
the ESFZ due to its age and displacement.
In order to improve the seismic-hazard assessment in the
area, we calculated a range of expected maximum magnitudes
and recurrence intervals for large earthquakes on the ESFZ
(Table 2) based on available information, such as fault length
and fault displacements (Canora et al., 2010), events recogni-
tion, measurement and dating (Canora et al., 2012), and fault
slip rates (C. Canora et al., unpublished manuscript, 2013).
Once again, we used the February 2001 earthquake to check
the validity of the existing empirical relationship and those that
best fit for El Salvador are included in Table 2. Recurrence
intervals arising from the empirical relationships for large
earthquakes are consistent with the data obtained from paleo-
seismic studies (recurrence interval of 750 years for Mw >7
earthquakes; Canora et al., 2012).
Earthquake hazard and risk in the vicinity of the ESFZ
should be analyzed considering these new insights. Especially
given that some of the faults that form this structure are found
in the vicinity of large cities such as San Salvador, with a pop-
ulation of >2 million people.
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ABSTRACT
On 4 May 1910, the most destructive earthquake in the his-
tory of Costa Rica (Ms 6.4) destroyed the city of Cartago, a
major city located in the Valle Central of Costa Rica. Using
both palaeo-seismological and morphotectonic analyses, we
have found evidence that points to the Aguacaliente Fault
(AF) as the source of this earthquake. This structure is a
N100° E trending, strike-slip fault situated to the south of
Cartago and within a wide band of deformation. We exca-
vated two trenches near Bermejo, south of Cartago. We found
evidence of three surface ruptures within the last 1000 years
on this fault. The age of the most recent rupture is consistent
with the Cartago 1910 earthquake. The AF is a seismogenic
source capable of producing large earthquakes (Mw 6.5–6.9)
with an estimated recurrence interval of about 500 years.
Terra Nova, 25, 368–373, 2013
Introduction
The study of historical destructive
earthquakes under the light of new
knowledge of the active tectonics of
a region has proven to be useful to
improve our understanding of the
seismogenic potential of a region and
thereby to upgrade seismic hazard
assessments.
Cartago is one of the most impor-
tant and populated cities of Costa
Rica. On 4 May 1910, the Ms 6.4
Cartago Earthquake (White and
Harlow, 1993) destroyed this city
and caused more than 600 casualties,
in a city with 12 000 inhabitants.
This event was responsible for the
destruction of schools, communica-
tion lines and emblematic buildings
(Fernandez Guardia, 1910). It is the
most damaging earthquake in Costa
Rica’s history.
There are few palaeo-seismic stud-
ies in Costa Rica, due to the diffi-
culty of mapping fault related
surface features beneath dense vege-
tation cover. Therefore, destructive
historical earthquakes have not yet
been related with specific active
faults. In this study, we present the
results of our palaeo-seismological
analysis of the Aguacaliente Fault
(AF), one of the candidate structures
to be the source of the Cartago
earthquake according to previous
neotectonic investigations (Montero
and Morales, 1988; Montero et al.,
2005). We carried out a morphotec-
tonic analysis in the area of Cartago,
using a digital elevation model
(DEM) (10 m resolution) and the
geometry of the fluvial network, and
we excavated two trenches across the
AF trace to look for past coseismic
deformation features. With our
results, we also constrain the seismic
potential and recurrence interval of
the AF.
Seismotectonic and geological
setting
The study area is located in the zone
of interaction between the Cocos,
Caribbean and Nazca tectonic plates
and the Panama block (Fig. 1). The
convergence rate between the Cocos
and Caribbean plates is 85–
87 mm a1 in North Costa Rica and
92–95 mm a1 in South Costa Rica
(Fig. 1) (DeMets et al., 1990). The
Caribbean-Cocos-Nazca triple junc-
tion is associated with three main
fracture zones: the Panama, Balboa
and Coiba. The complex geodynamic
setting has produced a scattered
distribution of seismicity due to the
interaction of the Cocos Ridge with
the overriding Panama block
(Fig. 1B). The seismicity is character-
ized by many shallow earthquakes
associated with a complex fault array
within the Central Costa Rica Defor-
mation Belt (CCRDB). The AF is
located in the Valle Central of Costa
Rica, situated near the western limit
of the Panama block (Fig. 2) and
is part of the CCRDB (Fig. 1A)
(Fan et al., 1991; Marshall et al.,
2000). The CCRDB is a highly frac-
tured band including predominantly
northwest-trending, right-lateral and
east-west to east-northeast-trending,
left-lateral strike-slip faults. The AF
is one of the left-lateral strike-slip
faults contributing to the deforma-
tion and was first described by
Dondoli and Torres (1954).
The regional geology is dominated
by volcanic material derived from the
Cordillera Volcanica Central, situated
in north Valle Central. The principal
lithologies are Pliocene and Pleisto-
cene calc-alkaline volcanics, includ-
ing: Pleistocene lava flows, tephras,
debris avalanches and debris flows
(0.2–1.1 Ma); Pleistocene ignimbrites
and tuffs (1.8–0.3 Ma); Plio-Pleisto-
cene lava and breccia (2.1–1.0 Ma);
and Lower Pliocene andesites and
pyroclastic flows (Grifo Alto Forma-
tion) (Denyer and Alvarado, 2007)
(Fig. 2A). Miocene sedimentary rocks
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are also found in the southern part of
the Valle Central. The complex geo-
metric and cartographic relationships
between the volcanic materials and
the basement rocks contribute to the
lack of information about the active
fault traces in the area. To solve this
problem, we combine detailed out-
crop analysis using palaeo-seismolog-
ical techniques and geomorphological
analysis of DEMs to identify recent
tectonic features along the active
faults and to determine the seismic
source of the Cartago Earthquake.
The Cartago earthquake
The Valle Central is inhabited by
45% of Costa Rica’s population, and
it has been affected by several cata-
strophic historical earthquakes docu-
mented in the pre-instrumental
(A) (B)
Fig. 1 (A) plate tectonic setting of Costa Rica and surrounding region. MAT: Middle America Trench. CCRDB: Central Costa
Rica Deformation Belt; NPDB: North Panama Deformation Belt; PFZ, CFZ, BFZ: Panama, Coiba and Balboa Fracture
Zones, PB: Panama Block. Arrows show convergence rates between Cocos and Caribbean plates (from DeMets et al, 1990).
Rectangle shows location of figure 1B. Topography and bathymetry from ETOPO_1′ (Amante and Eakins, 2009). (B): Seismic-
ity of Costa Rica from the seismic catalogue of Benito and Torres (2009), the rectangle shows the study area (Valle Central).
Focal Mechanisms from Global CMT (2011) catalogue since 1976, Mw >4.5.
(A) (B)
(C)
(D)
(E)
Fig. 2 (A) Geological map (modified from Denyer and Arias, 1990) with a schematic representation of the main active faults
identified in the study area. AIF: Alajuela Fault; CiF: Cipreses Fault; AF: Aguacaliente Fault; CF: Capellades Fault; NF:
Navarro Fault; MF: Maravilla Fault. Points represent intensity values associated with the Cartago earthquake (Montero and
Miyamura, 1981). Red circles are epicenters of historical earthquakes (Benito and Torres, 2009). Lithological information in
text. Dashed circle indicates the location of the trench sites and the features shown in figures 2B–D. (B–E): Morphological
expression of the AF and trench locations, blue lines are fluvial incisions; yellow lines are drainage divides, red lines are fault
strands of the AF, relative displacement shown by arrows.
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period (1638–1903) by Gonzalez
Viquez (1910). Since 1904, there have
been several well documented dam-
aging earthquakes in this region
(Fig. 2A), including the seismic
sequence of 1910–1912 (Miyamura,
1980). This sequence of earthquakes
began on 13 April 1910 with two
damaging events of magnitude M 5.0
and M 5.2 and maximum intensity of
VIII (Montero and Miyamura, 1981;
Ambraseys and Adams, 2001). After
these earthquakes, more than 400
shocks were recorded before the M
6.4 mainshock (4 May Cartago 1910
earthquake) (Fernandez Guardia,
1910). Another damaging aftershock,
named the Tres Rios earthquake,
occurred between San Jose and Car-
tago on 21 February 1912 (M 5.2).
The distribution of damage associ-
ated with the M 6.4 mainshock is
shown in Figure 2A. Maximum
intensity associated with the main-
shock was reported from the city of
Cartago and surrounding localities.
The irregular distribution of popu-
lated sites at the time of the earth-
quake makes it difficult to use
intensity data to interpret a specific
fault as the source for this event. The
WNW-ESE orientation of intensity
data is partly due to the aligned pat-
tern of the major cities (San Jose,
Cartago and other cities located east-
ward and westward). In any case, the
intensity locations point to a seismic
source close to Cartago.
The aguacaliente fault
The structure of the Cartago area is
characterized by a set of strike-slip
faults, reverse faults, and folds that
form a wide deformation band run-
ning along the southern slopes of
Irazu volcano (Fig. 2A). The Pleisto-
cene activity of this volcano partially
masks the geomorphological expres-
sion of the structures. The AF is an
E-W trending, left-lateral, strike-slip
fault system located at the south-
western margin of the Valle Central.
The morphological expression in the
western part of the AF fault is clear,
affecting active fluvial channels and
suggesting repeated activity during
Holocene time (Fig. 2B–C, S1).
Montero and Miyamura (1981) pro-
posed the AF as a possible source of
the Cartago earthquake based on the
damage distribution. Other studies
have proposed several slightly differ-
ent traces of the AF (Fernandez and
Montero, 2002; Montero et al., 2005;
Montero and Kruse, 2006). We
focused our field studies to analyze
the structure of this fault. We first
carried out a geomorphic analysis to
map the deformation features using a
10 m resolution DEM. We identified
E-W to ENE-WSW and NNW-SSE
faults and folds distributed along the
slope of the Irazu Volcano (Fig. 2A).
Offsets affecting fluvial channels
combined with the age of the Late
Pleistocene volcanic units defined by
Denyer and Alvarado (2007) indicate
slip rates between 1.8 and 3 a1 for
the Eastern Valle Central faults
(Table 1) (Montero et al., 2012). In
the area of Bermejo (6 km WSW of
Cartago) (dashed circle in Fig.2A),
we identified several fault strands
that are evident in the landscape and
clearly affect modern slope deposits
and channels (Fig. 2C, 2D and S1).
We selected this site for palaeo-seis-
mic analysis because of the favour-
able conditions for the preservation
of recent deposits overlapping the
fault.
Palaeo-seismological analysis
The Eastern Valle Central (locally
named valle de Coris) is underlined
by fine-grained Holocene deposits
that preserve the record of recent
faulting. We excavated and studied
two trenches near Bermejo, in Valle
de Coris, south of Cartago, the region
where the AF shows clear evidence of
Holocene activity. The trenches,
here referred to as Bermejo I and
Bermejo II, crossed two different fault
strands that offset active fluvial chan-
nels (Fig. 2D–E). Bermejo I trench
(S2) exposed a thick, fine-grained,
massive sediment accumulation cov-
ering the lower part of the valley. The
lower layers of these sediments
appear affected by a small branched
structure, with no net vertical dis-
placement, consistent with strike-slip
movement. The absence of datable
material does not allow us to deter-
mine the age of faulting.
We found clearer deformation in
Bermejo II trench (Fig. 3). This is an
11-m-long, N20E-trending trench
excavated close to a small sag pond,
near a 3-m offset affecting a fluvial
channel (Fig. 2E and S3). We
observed eight Holocene units
exposed in the trench walls over-
laying the Coris Formation (Miocene
tuffs and quartz arenites N1, N2,
N3). The Holocene units are related
to a lake-marsh environment which
produced fine-grained sediments int-
erbedded with some marginal alluvial
deposits (Caption of Fig. 3). The
fine-grained deposits of units B1, A
and A1 contain organic material,
which allowed us to use 14C dating
of the samples B2/1, B2/2 and B2/4
(Table 2).
In Bermejo II trench (Fig. 3A), we
observed three faults planes (f1, f2
and f3) with normal separation.
Fault f3 is an antithetic fault forming
a graben-like structure together with
f2. We interpret three palaeo-seismic
events which, from oldest to youn-
gest have been named 1 to 3 (Fig. 3
and S4).
Event 1: recognized at f1 (e1,
Fig. 3A), related to a colluvial wedge
(unit B1). This unit is consistent with
the collapse and sedimentation of a
scarp produced by a single-event dis-
placement in unconsolidated mate-
rial. We dated a bulk soil sample
(B2/1) from unit B1 that gave an
AMS age of Cal 2r AD 970–1030
(Fig. 3, S4). Samples collected from
colluvial wedges are problematic as
the material in the wedge is derived
from the material on the upthrown
Table 1 Features of the main faults of the Eastern Central Valley.
Fault
Length
min./max. (km)
Mw (Wells and
Coppersmith, 1994)
Mw
(Stirling et al., 2002) Slip-rate
AF 15.1–18.1* 6.5–6.6 6.8–6.9
CF 12 6.4 6.7 1.4–4 a1†
NF 17 6.5 6.8
MF 22.7 6.7 6.9 1.4  0.22 a1†
*This study.
†Montero et al. (2012).
370 © 2013 John Wiley & Sons Ltd
The Aguacaliente Fault: source of Cartago 1910 earthquake • J. Alonso-Henar et al. Terra Nova, Vol 25, No. 5, 368–373
.............................................................................................................................................................
side of the scarp. If the sample is
part of the parent material of the
wedge it would be a pre-event sam-
ple. However, if the sample was
incorporated in the wedge as the
wedge formed after the event, it
would be a post-event sample.
Although we recognize the prob-
lems inherent to dating bulk sedi-
ment in colluvial wedge, see Chapter
3.0 in McCalpin (2009), in our case
the wedge is composed of fragments
of units B and N3 supported by a
dark matrix that we interpret to be
the reworked soil covering the slope
on the hangingwall prior to the
earthquake (Fig. S4). We consider
that the date of B1/2 gives us the age
of the soil that pre-dates the event.
Moreover, this age is stratigraphical-
ly consistent with the other 14C dat-
ing in the trench. Unit A post-dates
the event. A sample of organic soil
(B2/2) from unit A gave an age Cal
2r AD 1470–1650. The age range of
the event is constrained to be
between AD 970 and AD 1650.
Event 2: (e2, Fig. 3) recognized at
f3, which offsets the base of unit A
with a vertical separation of 14 cm
at f3. The top of this unit is not
affected by f3, suggesting the occur-
rence of this event during the accu-
mulation of unit A. In f2, the
vertical separation observed at the
bottom of unit A (32 cm) is greater
than A1 (22 cm) (Fig. 3A). This
could be explained in two ways: (i)
thickness variations of unit A com-
bined with strike slip movement of
the fault; or (ii) the occurrence of
two events at fault f2 during the sed-
imentation of unit A and before unit
A0. Assuming that there are no lon-
gitudinal changes in the thickness of
units, we made a retrodeformation
analyses (Fig. 3B-C) where we
Table 2 Conventional radiocarbon date before present (AD 1950) calibrated using IntCal04: Calibration Issue of Radiocarbon
(Volume 46, nr 3, 2004).
Sample* I.D. Laboratory no D13 C
Radiocarbon
age (yr BP) 2r cal yr BP
Calibrated
age 2r cal yr
(95% probability)
Probability
distribution
values (%) Unit Material
B2/1 Beta-297643 24.5 1040  30 980–920 AD 970–1030 95 B1 (Organic sediment) acid washes
B2/2 Beta-297644 25.0 320  30 480–300 AD 1470–1650 95 A Charred material: acid/alkali/acid
B2/4 Beta-297645 25.7 180  30 290–260
220–140
30–0
AD 1660–1700
AD 1720–1820
AD 1920–1950
19.5
52.3
19.3
A1 Charred material: acid/alkali/acid
*All samples have been dated by Beta Analytics Radiocarbon Dating Laboratory, Florida
(A)
(B)
(C)
Fig. 3 Palaeo-seimological interpretation by retrodeformation, assuming no lateral
variations in the sedimentary units. A: trench log of Bermejo II. Units: (B): Uncon-
solidated grain-supported alluvial deposit within clay matrix; (C): Clay and non-
selected matrix-supported clasts deposit; B1: remobilized clasts from B unit mixed
with soil with fissure-fill facies at the bottom, this unit is interpreted as a colluvial
wedge; B2: clay matrix-supported alluvial deposit of quartzite clasts; B3: Clayey
matrix-supported deposit of non-selected quartzite clasts; (A): Dark clay with
organic matter deposit; A1: grain selected deposit with an organic matter level at
top; A0: silt and matrix-supported deposit of sands. N(1,2,3): Coris formation
(Upper Miocene): N1 lutite and massive sands, N2: breccia level; N3: breccia level.
(B): Status pre-e3 (event 3). The thickness of unit A1 is higher between f2 and f3.
An event during the accumulation of unit 3 could explain that variation, forming a
graben structure between f2 and f3. That event may also explain the differences
between the step seen at f2 of units A1 and A at current time, interpreting an
events accumulation in f2. C: Status pre-e2 (event 2). The accumulation of A1 may
be occurring.
© 2013 John Wiley & Sons Ltd 371
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consider that event e2 could have
involved slip on f2 (10 cm). In this
case, f2 and f3 formed a graben like
structure that increased the thickness
of unit A between f2 and f3, and the
total vertical slip is 24 cm (Fig. 3B).
In either case, the recurrence history
does not change significantly.
We interpret that event e2
occurred during the accumulation of
unit A (dashed black line in 3B), but
it is not possible to determine
whether sample B2/2 is a pre-event
or post-event sample. The event e2
age is constrained by the post-event
sample B2/4 and the pre-event sam-
ple B2/1. Considering these samples
the event occurred between AD 970
and AD 1950. The age of sample B2/
2 is consistent with these two ages
supporting that the event occurred
more probably during the younger
half of the constraining interval.
Also, we can tighten the minimum
constraint because the historical
record shows no earthquake other
than 1910 (event e3) in the region.
Historical earthquakes since 1638 are
well documented by Gonzalez Viquez
(1910). Therefore, the age range of
the event is between AD 970 and
AD 1638.
Event 3: (Fig 3B, S4) recognized at
f2, where unit A1 is offset with nor-
mal separation of 22 cm. We sam-
pled a level of peat at the top of unit
A1 displaced by f2. The sample B2/4
gave an age range Cal 2r AD 1660–
1950 (Table 2). As there are no other
damaging earthquakes post-1660 AD
in the historical record which can be
associated with a surface rupture in
the region of Cartago, we interpret
e3 to be the rupture responsible for
the 1910 Cartago earthquake.
Discussion and conclusions
The morphologic and palaeo-seismic
evidence analyzed in this study reveal
significant Holocene activity on the
AF. In addition, our mapping of
Quaternary active faults reveals mul-
tiple E-W to ENE-WSW trending,
left-lateral, strike-slip faults with
lengths varying from 10 to 30 km
within the Valle Central.
Our mapping shows that the AF
length ranges from 15.1 to 18.1 km
(Table 1). Maximum theoretical mag-
nitudes related to these lengths range
from Mw 6.6 to Mw 6.9 based on the
empirical relationships of Wells and
Coppersmith (1994) and Stirling
et al. (2002), respectively. Our palae-
o-seismic analysis shows that the AF
has been the source of at least three
surface rupturing earthquakes in the
last approximately 1000 years. An
event (e1) aged 970–1650 AD, an
event (e2) aged AD 970–1638 AD,
and a very recent event aged post-
1660 AD (e3), which we interpret as
the 1910 Cartago earthquake. With
these data we estimate a preliminary
mean recurrence interval of about
500 years for the AF. Our data are
insufficient to estimate the fault slip
rate and palaeo-earthquake magni-
tudes. Additional studies are neces-
sary to better constrain the activity
parameters of the active faults in the
Valle Central, the values obtained in
this study are the first ones available
from palaeo-seismological observa-
tions in this region, and they will
contribute to the improvement of
seismic hazard assessment in central
Costa Rica.
Acknowledgements
Supported by “GEOTACTICA” Ref.:
CGL2009-14405-C02-02, project no. 830-
B1-504 of the University of Costa Rica
(CONICIT-MICIT), and with a pre-doc-
toral grant of the International Campus
Excellence of Madrid (UCM-UPM),
Spain. Some figures were produced using
GMT software (Wessel and Smith, 1991).
We thank Instituto Costarricense de Elec-
tricidad (ICE) and Universidad de Costa
Rica (UCR) for logistical support. We
thank C. Doglioni, F.R. Cinti and an
anonymous reviewer for detailed con-
structive comments that helped to
improve this work.
References
Amante, C. and Eakins, B.W., 2009.
ETOPO1 1 Arc-Minute Global Relief
Model: Procedures, Data Sources and
Analysis. NOAA Technical
Memorandum NESDIS NGDC-24,
USA, 19 pp.
Ambraseys, N. and Adams, R.D., 2001.
The Seismicity of Central America: A
Descriptive Catalogue: 1898–1995.
World Scientific Science, UK, 308 pp.
Benito, M.B. and Torres, Y., 2009.
Amenaza sismica en America Central:
Editorial Entimema. Universidad
Politecnica de Madrid, Espana, 371 pp.
DeMets, C., Gordon, R.G., Argus, D.F.
and Stein, S., 1990. Current plate
motions. Geophys. J. Int., 101, 425–478.
Denyer, P. and Alvarado, G., 2007. Mapa
Geologico de Costa Rica: Libreria
francesa, scale 1:400.000, 1 sheet.
Denyer, P. and Arias, W., 1990. Mapa
Geologico Hoja Abra: Instituto
Geografico Naciona, scale 1:50.000, 1
sheet.
Dondoli, C. and Torres, A., 1954. Estudio
geoagronomico de la region oriental de la
meseta central: Ministerio de agricultura
e industria. Ministerio de agricultura e
industria (Institutional Publisher), San
Jose, 180 pp.
Fan, G.W., Beck, S.L. and Wallace, T.C.,
1991. The seismic source parameters of
the 1991 Costa Rica aftershock
sequence: evidence for a transcurrent
plate boundary. J. Geophys. Res., 18,
1385–1388.
Fernandez Guardia, F., 1910. The
Cartago Earthquake. The Library of the
University of California, Los Angeles,
52 pp.
Fernandez, M. and Montero, W., 2002.
Fallamiento y sismicidad del area entre
Cartago y San Jose, valle Central de
Costa Rica. Rev. Geol. Am. Central, 26,
25–37.
Global CMT, 2011. Global Centroid
Moment Tensor Catalog, http://www.
globalcmt.org/. Last accessed date:
May 2012.
Gonzalez Viquez, C., 1910. Temblores,
terremotos, Inundaciones y erupciones
volcanicas en Costa Rica, 1608–1910,
1st edn. Tipografia de Avelino Alsina,
San Jose. pp. 161–168.
Marshall, J.S., Fisher, D.M. and
Gardner, T.W., 2000. Central Costa
Rica deformed belt: Kinematics of
diffuse faulting across the western
Panama block. Tectonics, 19, 468–492.
McCalpin, J., 2009. Paleoseismology, 2nd
edn. Academic Press, USA, 95, 603 pp.
Miyamura, S., 1980. Sismicidad de Costa
Rica. Editorial Universidad de Costa
Rica, Costa Rica. 190 pp.
Montero, W. and Kruse, S., 2006.
Neotectonica y geofisica de la falla de
Aguacaliente en los valles de Coris y el
Guarco, Costa Rica. Rev. Geol. Am.
Central, 34, 43–58.
Montero, W. and Miyamura, S., 1981.
Distribucion de intensidades y estimacion
de los parametros focales de los
terremotos de Cartago de 1910, Revista
Instituto Geografico Nacional, Costa
Rica, America Central. pp. 9–34.
Montero, W. and Morales, L.D., 1988.
Zonificacion sismica del Valle Central.
Memorias del 4o seminario de ingenieria
estructural. Colegio Federado de
Ingenieros y Arquitectos, San Jose, 46,
pp. 335–351.
Montero, W., Barahona, M., Rojas, W.
and Taylor, M., 2005. Los sistemas de
falla Agua Caliente y Rio Azul y
relevos compresivos asociados, valle
372 © 2013 John Wiley & Sons Ltd
The Aguacaliente Fault: source of Cartago 1910 earthquake • J. Alonso-Henar et al. Terra Nova, Vol 25, No. 5, 368–373
.............................................................................................................................................................
central de costa rica. Rev. Geol. Am.
Central, 33, 7–27.
Montero, W., Rojas, W. and Linkimer,
L., 2012. Neotectonica de las fallas
Ochomogo y Capellades y su relacion
con el sistema de Falla de
Aguacaliente, falda sur del macizo
Irazu, Costa Rica. Rev. Geol. Am.
Central, 34, 43–58.
Stirling, M., Rhoades, D. and Berryman,
K., 2002. Comparison of earthquake
scaling derived from data of the
instrumental and preinstrumental era.
Bull. Seismol. Soc. Am., 92, 812–830.
Wells, D.L. and Coppersmith, K.J., 1994.
New empirical relationship among
magnitude, rupture length, rupture width,
rupture area and surface displacement.
Bull. Seismol. Soc. Am., 84, 974–1002.
Wessel, P. and Smith, W.H.P., 1991. Free
software help maps and display data.
Eos (Transactions, American
Geophysical Union), 72, 441–446.
White, R.A. and Harlow, D.H., 1993.
Destructive upper-crustal earthquakes
of Central America since 1900. Bull.
Seismol. Soc. Am., 83, 1115–1142.
Received 16 May 2012; revised version
accepted 14 March 2013
Supporting Information
Additional Supporting Information
may be found in the online version
of this article:
Fig. S1 Interpreted pictures with
some field views of the Aguacaliente
fault zone, at Valle de Coris. This
place is located close to the palaeo-
seismological Bermejo site.
Fig. S2 Bermejo I trench.
Fig. S3 Bermejo II trench site.
Fig. S4 Bermejo II trench (detail
photos and log).
© 2013 John Wiley & Sons Ltd 373
Terra Nova, Vol 25, No. 5, 368–373 J. Alonso-Henar et al. • The Aguacaliente Fault: source of Cartago 1910 earthquake
............................................................................................................................................................
Anexos
Staller, A., Martínez-Díaz, J.J, Benito, B., Alonso-Henar, J., Hernández, D.,
Hernández-Reya, R., Díaz, M. (2015) Present-day crustal deformation along the El
Salvador Fault Zone from 2 ZFESNet GPS network, Tectonophysics (under review).
329
1Present­day crustal deformation along the El Salvador Fault Zone from 1
ZFESNet GPS network2
Alejandra  Stallera,*,  José  Jesús  Martínez­Díazb,c,  Belén Benitoa,  Jorge Alonso­Henarb,d, 3
Douglas Hernándeze, Román Hernández­Reya, Manuel Díaze4
a. Dpto.  de  Ingeniería  Topográfica  y  Cartografía, Universidad Politécnica  de  Madrid.5
Madrid, Spain6
b. Departamento de Geodinámica, Universidad Complutense de Madrid, Madrid, Spain7
c. IGEO, Instituto de Geociencias, UCM–CSIC, Madrid, Spain8
d. CEI Campus Moncloa, UCM–UPM, Madrid, Spain9
e. Gerencia  de  Geología, Dirección General  del  Observatorio Ambiental,  Ministerio de10
Medio Ambiente y Recursos Naturales., El Salvador. ahernandez@marn.gob.sv11
12
(*) Corresponding author: a.staller@upm.es; Dpto. de  Ingeniería Topográfica y Cartografía,13
Universidad Politécnica de Madrid. Campus Sur, Autovía de Valencia km. 7, 28031 Madrid,14
Spain. +3491336648715
16
Abstract17
This paper presents the results and conclusions obtained from new GPS data compiled along18
the  El  Salvador  Fault Zone  (ESFZ). We  calculated a  GPS­derived horizontal velocity  field19
representing the present­day crustal deformation rates in the ESFZ based on the analysis of20
30 GPS campaign stations of the ZFESNet network, measured over a 4.5 years period from21
2007 to 2012. The velocity field and subsequent strain rate analysis clearly indicate a dextral22
strike­slip tectonics with extensional  component throughout the ESFZ. Our  results  suggest23
that the boundary between the Salvadoran forearc sliver and Caribbean blocks is driven by a24
deformation zone which dominant strain regimes  and slip rates  varies  from west to east25
along the ESFZ. We estimate a relative movement between the forearc and the Caribbean26
plate at least of ~12 mm yr­1 and propose a kinematic model with three main blocks. In the27
western part,  deformation is  distributed along a  wide  band between the  El  Bálsamo28
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2Mountain Range to the south and the Guaycume Fault to the north with dextral strike­slip29
movement between 8 and 12 mm yr­1, and with an extensional component of up to ~5 mm30
yr­1.  In the  central  area,  between Lake  Ilopango  and the  Lempa  River,  deformation is31
concentrated in a narrower band, characterized by ~10 mm yr­1 of almost pure dextral strike­32
slip movement divided in two parallel branches. From the Lempa River to the Fonseca Gulf, 33
deformation has  a  more  complex  distribution with a  ~5 mm  yr­1 E­W extension in the34
Jucuarán­Intipuca Mountain Range, distributed in a dense network of N­S and NW­SE normal35
faults. This wide extensional region is flanked by E­W strike­slip fault to the north and south.36
These studies contribute new kinematic and slip rate data that should be used to update and37
improve the seismic hazard assessments in northern Central America.38
39
Key Words:  Active  tectonics;  GPS; Geodynamics;  Crustal  deformation; El  Salvador  Fault40
Zone; Central America Volcanic Arc.41
42
1. Introduction.43
El  Salvador  is  located in northern Central  America,  at the  Pacific Ocean margin of the44
Caribbean plate (Figure 1). The subduction zone between the Cocos and Caribbean plates45
in El  Salvador  is  characterized by  high relative plate motion,  more than 70 mm yr­146
(DeMets, 2001). In El Salvador region this convergence coexists with an active strike­slip47
fault system parallel to the currently active volcanic arc: the El Salvador Fault Zone (ESFZ)48
(Martínez­Díaz et al., 2004; Corti et al., 2005). The ESFZ extends across the whole country49
and according  to regional  studies  it could have a dextral slip rate of up to 14 mm yr­150
(Correa­Mora et al., 2009; Alvarado et al., 2011; Franco et al., 2012). It is responsible for51
frequent damaging  earthquakes,  as  the  February  13,  2001  earthquake with Mw 6.6.52
(Canora  et al.,  2010).  According  to Álvarez­Gómez (2009),  the  ESFZ  is  an important53
structure for seismicity and it is driving the trench­parallel strike­slip displacements due54
to the  eastward movement of the  Caribbean plate  relative  to the  forearc,  inducing55
transtensional regimes along the volcanic arc. This process works under a setting of very56
low coupling in Cocos Caribbean plate interface in El Salvador region. 57
3In the last decades, several studies have tried to quantify the kinematics of the principal58
structures  in the  region that are accommodating  active  deformation,  as  well  as  to59
understand the different factors and tectonic forces  that control  this deformation (e.g.60
DeMets  2001;  Guzmán­Speziale  2001; Lyon­Caen et al.,  2006;  DeMets  et al.,  2007;61
Álvarez­Gómez et al., 2008; Correa­Mora et al., 2009; Rodríguez et al., 2009; Alvarado et62
al., 2011; Franco et al., 2012; Alonso­Henar et al., 2015). 63
The first geodetic measurements relevant in the region were reported by  Lyon­Caen et64
al. (2006) in order to describe the faults kinematic in the North America, Caribbean and65
Cocos  plates  triple  junction area and also  to understand the  complex  regional  active66
tectonics.  Later,  Franco et al.  (2012) densify  the  Lyon­Caen et al.  (2006) data  set in67
Guatemala extending the study area using new GPS measurements in Chiapas (southern68
Mexico) and El  Salvador.  These studies  document a rate  of up to 22 mm  yr­1 for the69
motion of North America and Caribbean plates relative to the eastern Guatemala, mostly70
accommodated across  the  Motagua  Fault.  As  a  consequence,  the  western tip of the71
Caribbean plate deforms  internally, with up to 9 mm yr­1 of east­west extension. They72
suggest that up to 15  mm  yr­1 of dextral  motion can be  accommodated across  the73
volcanic arc  in El  Salvador  and southern Guatemala,  which could mark the  northern74
boundary  of an independent forearc  sliver,  called “arc  block”,  pinned to the  North75
American plate.  They  confirm the weak coupling  at the  Cocos­Caribbean subduction76
interface  offshore  Guatemala, El  Salvador and Nicaragua,  proposed from  numerical77
modeling by Álvarez­Gómez et al. (2008).78
Alvarado et al.  (2011) combine  geodetic,  structural and paleomagnetic data  from79
southern Honduras, El Salvador and Nicaragua to describe the motions of the Salvadoran80
and nicaraguan forearcs and to determine  the location and style of faulting across  the 81
Gulf of Fonseca where the volcanic arc changes its trend and suffer an offset between El82
Salvador  and Nicaragua.  Using finite­element  modeling  they  show that both the83
Nicaraguan and salvadoran forearcs move westward to northwestward, parallel to their84
respective trenches, at 15 ± 2 mm yr­1 in a Caribbean plate reference frame. They suggest85
that this similar motion of the two forearc slivers is consistent with the hypothesis that86
the Nicaraguan forearc pushes the Salvadoran forearc to the northwest, possibly driven87
by  northwestward lateral  escape of the Central  America forearc  sliver forced by  the88
4Cocos Ridge collision offshore Costa Rica  as  it has been proposed by previous  authors89
(LaFemina et al., 2009). Another important result from this study is the definition of ~60­90
km­wide  extensional  zone  with E­W  elongation  in the  Gulf of Fonseca and eastern El91
Salvador that may be accompanied by bookshelf faulting.92
These studies  are mainly focus on understanding  the  regional  tectonics  of northern93
Central  America.  The existing  geodetic data  in El  Salvador  did not allow to make a94
detailed analysis of the  kinematics  of the  active faults  associated with the  salvadoran95
volcanic arc. For  this  reason, in this paper we  show the  first detailed results of a new96
geodetic GPS network established in El Salvador  that allows  us  not only to refine97
previous results but also to complement the data set in El Salvador and quantify current98
crustal  deformation rates  in the  area  in order to estimate  the  current activity  and99
behavior of the different segments of the ESFZ (Figure 2). These new data will be very100
interesting to improve the seismic hazard assessments in the region.101
In this paper, we present the GPS data set and the processing strategy to obtain a new102
GPS velocity field associated with the ESFZ. We analyze this velocity field in a Caribbean103
plate  reference  frame, by  velocity  profiles  normal  to the main segments of ESFZ,  and104
estimate a  priori  slip rates and locking  depths for  the main active  faults. We  also105
quantified the  current interseismic deformation in the  area,  by  determining  the106
deformation gradient tensor and its  associated parameters. Finally,  we  discuss  the107
implications of this new data set and results for the understanding of the kinematics of108
the ESFZ.109
110
2. Seismotectonic setting.111
2.1. Active faults – The ESFZ structure.112
The El Salvador Fault Zone  (ESFZ)  is an active, c. 150 km  long and 20 km wide, dextral113
strike­slip fault zone within the El  Salvador Volcanic Arc  striking N90°­100°E  (Martinez­114
Díaz et al.,  2004; Corti et al.,  2005). It  is  composed of several  larger  E­W  to ESE­WSW115
strike­slip faults with lengths ranging 20­30  km and secondary normal and oblique­slip116
faults that accommodate deformation between larger faults. The ESFZ has been divided117
into five  segments according  to structural,  geometric and kinematic criteria which are,118
5from  west to east: Western Segment,  San Vicente Segment,  Lempa  Segment,  Berlin119
Segment and San Miguel Segment (Canora et al., 2012 and Figure 2).120
The main faults of the ESFZ have strikes ranging N90°­110°E and dips of 70°. These faults121
are interpreted as  part of several  inherit graben structures  formed during  a  previous122
extensional phase, that are reactivated under a younger strike slip regime (Canora et al.,123
2014b; Alonso­Henar et al., 2014). According to these authors the main E­W faults that124
control the larger segments where formed during the regional roll­back process affecting125
the  subducting  Cocos  plate  that induced the  formation of large graben structures  in126
Nicaragua  and smaller and discontinuous graben structures  in El Salvador.  The127
deformation in the intersegment regions is dominated by distributed smaller faults with128
strong normal  component bounding pull­apart basins  that links  the  inherit overlapping129
grabens (Alonso­Henar et al., 2014).130
Several authors had quantified slip rates of some faults within the ESFZ. They provided131
slip rates  based on morphotectonic analyses  and offsets  in the Quaternary drainage132
network.  By  this way,  Corti  et al.  (2005) proposed a  slip­rate  of 11 mm yr­1 for  the  El133
Triunfo Fault. However, Alonso­Henar et al. (2014) proposed horizontal slip rates of 4.6134
mm yr­1 for this same fault,  from a morphometric analysis. Canora et al.  (2012; 2014b)135
calculated a slip rate for the central­east section of the ESFZ (San Vicente Fault) of ?4 mm136
yr­1  from paleoseismological data, ~5 mm yr­1 from river offset data, and 3­5.3 mm yr­1137
from  the offsets  affecting  larger  volcanic morphologies  that informs of long  term slip138
rates.139
The  ESFZ flanks  a  longitudinal morphological  depression, produced by  the  extensional140
tectonics  describes  above,  where several  active  volcanoes  (Izalco,  Santa  Ana,141
Coatepeque, San Salvador, Ilopango, San Vicente, San Miguel, Berlín, etc. (Figures 1 and142
2)) are located. These volcanoes  influence the local  style of faulting and must be143
considered in the interpretation of GPS velocities.144
2.2. Instrumental and historical seismicity.145
The ESFZ has been the source of historical and instrumental damaging earthquakes such146
as the February 13th, 2001 Mw 6.6 earthquake (Figure 2) (San Vicente Segment rupture)147
(Martinez­Diaz et al., 2004, Canora et al., 2010, 2012, 2014b). Traditionally, the seismicity148
6in northern Central  America  has  been divided into two kinds  of earthquakes:  large149
earthquakes  related with subduction  processes  and moderate magnitude  earthquakes150
related with the  faults within the  volcanic arc (Figure 2).  In Canora et al. (2014b),  it is151
proposed that this  division could not be  so simple,  and the  ESFZ  could have been the152
source of historical  earthquakes with magnitudes over Mw > 7,  such as the March 6th153
1719 Ms 7.2 El Salvador event (Peraldo and Montero, 1999), traditionally related to the154
subduction interface.155
The San Vicente segment was the unique segment involved in the February 13th, 2001156
Mw 6.6 earthquake  (Canora et al., 2012). But,  from paleoseismological data,  isoseismal157
maps  and following  structural criteria,  Canora et al.  (2014b) proposed a  maximum158
magnitude of Mw 7.6 for the ESFZ. They consider a scenario that combine the ruptures of159
the  San Vicente,  Lempa,  Berlin and San Miguel  segments  together, which means  a160
mapped surface rupture length of 123 km, assuming a seismogenic depth of 10 km and161
derived from Stirling et al. (2008) scaling relationships.162
The earthquakes related with subduction processes are linked to outer rise normal faults163
and Caribbean­Cocos  subduction interface  events  (Ambraseys and Adams,  1996;164
Guzmán­Speziale et al., 2005). In the El Salvador, the subduction interface presents low165
coupling (Álvarez­Gómez et al., 2008) and there is higher frequency of outer­rise normal166
fault earthquakes.  These  outer­rise  earthquakes  are generated on the  inherited167
structures  related to seafloor  spreading  fabric during  the  subducting plate  bending168
(White and Harlow, 1993, Álvarez­Gómez et al., 2012). In Martinez­Diaz et al. (2004) it is 169
shown how normal faulting of the Middle American subduction zone trigger destructive170
earthquakes  in strike­slip faults  in the  salvadoran volcanic arc. According  to this  study,171
the Coulomb failure stress (CFS) change produced by the 13th January 2001 subduction172
event on planes parallel to the El Salvador fault zone triggered the 13th February Mw 6.6173
ESFZ earthquake (Figure 2).174
Besides tectonic seismicity it is also important the seismicity of volcanic origin in certain175
sectors  of the  ESFZ.  This  seismicity  may  indicate  deformations  controlled by  volcanic176
activity.177
178
73. GPS data.179
3.1. ZFESNet GPS network.180
The  ZFESNet geodetic network was  established in 2007 to quantify  current crustal181
deformation rates in El Salvador Fault Zone. The project was developed by the Technical182
University of Madrid (UPM) with collaboration of the SNET (MARN) from 2007 to 2012. 183
The ZFESNet (Staller et al., 2008) consists of a total of 30 GPS campaign stations, 23 new184
and 7 existing (Alvarado et al., 2011), covering an area of 200 km long and 70 km wide,185
from the Coatepeque caldera to the Gulf of Fonseca with a distribution as homogeneous186
as possible over the ESFZ (Figure 3). In the design and implementation of the network187
were taken into account geological, geodetic and logistical criteria. We tried to locate the188
new  stations  in safe places with the  possibility  of vigilance  during  the  observation;189
though for that we had the support of the El Salvador Army. Due to operational and cost190
reasons,  the  monumentation of the  new  stations  consists  of a  stainless  steel  nail191
anchored mostly on rock stable  which guarantee  the reoccupation after  a  time span192
(Dixon et al., 2000).193
Blewitt and Lavallée (2002) established that to obtain accurate conclusions  from  GPS194
coordinate time series it is necessary to cover a period of at least four years in episodic195
surveys or 2.5 years of continuous GPS data.  In our case, the  results are based on four196
campaigns conducted in 2007, 2008, 2010 and 2012, covering a period of 4.5 years.  In197
general,  episodic campaigns should be  conducted in the  same months  to minimize198
seasonal  effects. However,  due  to logistical  problems  2007  and 2008  campaigns were199
conducted in November, and 2010 and 2012 campaigns  in April and May, respectively.200
Some  significant differences  were detected in the  repeatability, mainly in the  vertical201
component, obtained in the campaigns conducted in different seasons; the October and202
November  campaigns  (2007 and 2008)  obtained appreciably better  results  than the203
April­May campaigns (2010 and 2012)  (see Section 3.2). All sites were usually occupied204
by more than two sessions during each campaign, with session lengths of 18 – 24 h at205
most stations, we  rejected short observing sessions  (significantly less  than 7 hours)206
(Wallace  et al.,  2004). The  requirement of constant security  surveillance of the207
equipment  limited the possibility  of longer  sessions. The  sampling  interval  for  data208
logging was 30s. All of the campaign measurements were made using four Trimble 5700209
8GPS receivers  and Zephyr  Geodetic antennas except a  handful  of sites  that were210
occupied in 2008 campaign with one Trimble R7 receiver. We use three types of antenna211
mounts (Figure  4):  (i)  tripod with tribrach and optical  plummet (used only in 2007212
campaign), (ii) 1.1265 m levelled fixed­high pole (Fernández et al., 2004) (used in 2008,213
2010 and 2012 campaign) and (iii) 0.55 m fixed­height spike mount (used in 2007, 2008,214
2010 and 2012 campaign). No significant differences were detected in the repeatability 215
obtained with the different types of antenna mounts (see Section 3.2). The downloaded216
raw data  are transferred to Receiver INdependent EXchange  (RINEX) format for use  in217
post­processing.218
3.2. GPS data and analysis.219
We processed data from 40 GPS stations. Among these, 35 stations were survey­mode220
GPS stations (SGPS): the 30 stations of the ZFESNet network and 5 stations; 4 placed in El 221
Salvador  (AIES, CNR1, SNJE, VMIG) and one  in Honduras  (TEG1), currently belonging to222
UNAVCO.  Stations  AIES, CNR1,  SNJE, VMIG  and TEG1 are continuously recording  sites 223
mostly installed in 2007, except CNR1 that was installed in 2008. However, since all the224
data from these stations were not available at the time of the study, we treated them as225
a  SGPS  station,  analyzing  data from  the same days as  the  2007,  2008,  2010 and 2012226
ZFESNet surveys.227
In addition, we included 5 continuously recording GPS (CGPS) stations; four belonging to228
IGS  (Dow et al.,  2009) and one  to CORS (Snay  and Soler,  2008) networks,  distributed229
throughout Central America. These CGPS were selected according  to the availability of230
data on the dates of the campaigns, proximity and best possible geometric configuration.231
These CGPS stations  link the  survey  results  to the  global  reference  frame  ITRF2008232
(International Terrestrial Reference Frame 2008) (Altamimi et al., 2012).233
GPS data were processed using  Bernese  5.0 software (Dach et al.,  2007), with double234
difference  phase observable.  The  IGS precise orbit and Earth’s orientation parameters235
were kept fixed and the  absolute elevation­dependent phase center  corrections,236
provides  by  IGS  were applied.  GPS data  modeling  include  elevation­dependent phase237
center corrections (IGS absolute calibrations) and the FES2004 ocean tide loading model. 238
The  tropospheric  effect was modeled with the a  prior  dry­Neill  (Neill, 1996)  model239
fulfilled by the estimation of zenith delay corrections at 1­h intervals at each site using240
9the  wet­Neill  mapping function.  The  ambiguity  resolution is  based on the  Quasi­241
Ionosphere­Free  (QIF)  baseline­wise  analysis. We  estimated each daily solution in a242
loosely  constrained reference  frame.  Constraints  for  the  realization of the  chosen243
reference  frame were imposed only a  posteriori.  The coordinates  of the  IGS  stations244
were constrained (NNT­No Net Translation option) to their ITRF2008 values.245
The program ADDNEQ2  in the Bernese 5.0 software was developed to compute multi­246
session solutions  from  the  statistically  correct combination of a  set of single­session247
solutions. It can also be applied to estimate the station velocity if the data set covers a248
long time span. The normal equations (NEQs) of single session solutions for a campaign249
are first combined to create  a  campaign solution.  An annual  survey  campaign in the250
ZFESNet usually spans 20­25 days. The multi­year campaign solutions are then combined251
to estimate  station velocities. The  ITRF2008 coordinates  and velocities  of the  ZFESNet252
stations  were obtained using constraints  on the  coordinates and velocities  of the  5253
fiducial stations (with stars in Table 1).254
Formal errors derived from Bernese are not realistic, therefore the obtained accuracies255
are overly  optimistic and do not correctly represent the  estimated parameter errors256
(Kashani  et al.,  2004).  The  uncertainty  deduced from  the  daily  repeatability is  more257
realistic than the formal statistical Root Mean Square (RMS) error. We estimated average258
horizontal baseline repeatability (scatter about the root mean square value) of the order 259
of a  few millimeters  for most local  baselines  (<  150  km)  for  all  campaigns, with mean260
values  of 2.0 mm,  2.0 mm  and 7.7 mm  for the  east,  north and up components,261
respectively. We  also  estimated the  daily  repeatability of the  computed station 262
coordinates from each campaign, with values ranging 0.5 mm  to 3.5 mm  for the263
horizontal components and about a mean of 8 mm in the vertical component. However,264
we  notice  a  significant difference  (~3 mm)  in the  vertical  repeatability between the265
results  of 2007  and 2008  campaigns, conducted in October­November,  and 2010 and266
2012 campaigns, conducted in April­May, it could be due to a seasonal variability. Details267
of the processing and coordinate results are given in Staller (2014).268
We  also  deduced appropriate  scaling  factors  for the  formal velocity  errors  in order  to269
arrive at realistic accuracies. Scaling factors  for  formal  velocity  errors  of campaign270
stations,  originating from  the  ADDNEQ2­solution,  were computed by  comparing these271
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formal errors with the accuracies deduced from the time series analysis. We obtained a272
factor of 12 for  the horizontal velocity errors. This  leads  to a mean uncertainty on the273
horizontal  velocities of ±1.8 mm yr­1.All accuracies  given in the  following  sections  are274
scaled using the corresponding factors. Excepting  is the stations with a register  interval275
lower than 4.5 years, i.e. stations located in the northwest (MNGO, TACA, GUAY, PLAY)276
and VIEJ,  RIOG stations observed from  2008 to 2012.  Such stations  have a  greater277
velocity uncertainty, with a mean value of 2.4 mm yr­1 in the east and north component.278
In order to interpret the GPS results in terms of regional deformation associated with the279
ESFZ,  we  considered the  coseismic  deformation resulting  from  regional  earthquakes280
which occurred in the 2007­2012 period, with Mw > 6.0 and depth <  60 km. For this, we 281
took into account the Mw = 7.3 2009 May 28 earthquake occurred on the Swan Islands282
fault near  Roatan island off the north coast of Honduras  (Figure 1). We estimated the283
displacement at our sites induced by this earthquake from model published by Graham284
et al. (2012). Differences between corrected and uncorrected velocities are lower than 2285
mm  yr­1,  practically  within the estimated uncertainties  of the GPS velocities.  In the286
following we use these corrected velocities.287
Velocities in ITRF2008 were then transformed into a Caribbean fixed reference frame by288
rotating  them about the  CA/ITRF2008 pole  determined by  DeMets  (personal289
communication, 2013) (Figure 3). Propagation  of the  formal  uncertainties in the290
Caribbean­ITRF2008 angular velocity into the velocity uncertainties for the GPS stations291
in Central  America  typically  increases  those uncertainties  by  only 0.2 mm  yr­1 or  less292
(Alvarado et al.,  2011),  too small  to matter  for our  analysis.  The  Figure 3 and Table 1293
show our present­day velocity vectors. The 65% confidence ellipse is plotted at the tip of294
each velocity vector.295
296
4. Results.297
4.1. GPS velocities analysis.298
Velocities in a Caribbean reference frame are shown in Figure 3. The results are derived299
using  the  assumption of constant velocities  between the  five  years  (2007­2012).  The300
most prominent feature is  the dominant motion trending ~N290°E, practically301
11
perpendicular  to the  convergence  trend between the  Cocos and Caribbean plates  at302
N20°  ±  2°E (DeMets  et al.,  2010).  We  observed a  notable decrease  of the  velocities303
towards  the  north,  reaching  values  close to zero in stations  located in the  backarc.304
Velocities increase southward, reaching the maximum values in the forearc and near the305
Salvadoran coast, with rates of up to ~12 mm yr­1 (AIES station). Within this group some306
stations exhibit anomalous behavior, such as LSSJ (faster motion toward east than other307
neighboring stations) and CNR1 (southward motion).  A  repeatability  analysis of the308
ITRF2008 coordinates and temporal series in LSSJ station (see Figure S1 in supplementary309
material) shows inadequate values in the east component at this site. These results could310
be due to several causes such as errors during measurement, monumentation instability311
or  local  non­tectonic deformation. It is  necessary  to carry  out more measurements to312
verify the velocity pattern obtained from 2007 and 2012 in this station. For this reason,313
we do not consider the LSSJ velocity neither in the final velocity field, nor in the following314
analysis and discussion. Velocity  of CNR1  station is  similar  to other  velocities  in the315
salvadoran forearc but with a SW trend. We analyzed the time series of the CNR1 station316
(see Figure S1 in supplementary material) and observed a  change  in the  trend of the317
north component after the  2010  campaign (May 2010).  This  station registered a 318
movement southward of ~5 mm yr­1 between May 2010 and May 2012. We also verified319
the  same  change  in the vertical  component with an elevation in the same period of320
about ~20 mm. We tried to analyze the possible causes of this change in the behavior of321
CNR1,  verifying  that it is  possibly produced by  a period of volcanic unrest of the  San322
Salvador volcano (which is located 10 km northward). The increase of seismicity at north323
of this  station in this  time  period would support this  interpretation (see Figure  S2 in324
supplementary material). In the  following we use  the  velocity of CNR1 estimated with325
the positions in the period 2008­ 2010, removing the 2012 position which is affected of326
the anomalous movement (showed in Figure 3).327
To better quantify the velocities and understand how the deformation is accommodated328
within the ESFZ, we analyze the velocities projected along five profiles perpendicular to329
the main segments of ESFZ (Figure 3). In the profiles with enough data, the fault­parallel330
velocities  along  the  profile  show the  typical  shape  of interseismic loading  on a  locked331
fault zone. They were modeled using an infinitely long vertical strike­slip fault embedded332
12
in an elastic medium. Likewise, using an elastic model of simple dislocation (Savage and333
Burford, 1973), we try to estimate the slip rates and locking depth from the fault­parallel334
velocities along the profiles.335
Profile A­A’ (Figures 3 and 4a) has N200°E trend and GPS velocities in the West segment336
are projected through the  Central Graben of El  Salvador,  limited to the  north by337
Guaycume  Fault (GF)  and to the  south by  El  Limón (ELF) and Panchimalco  Fault (PF)338
(Figure 2). We  note  that the MNGO,  TACA,  PLAY and GUAY velocity  uncertainties  are339
greater,  since  that their registering interval  was  shorter  (see Section 3.2). The  fault­340
parallel  velocities  (dots  in Figure 4a)  show a  right lateral motion rate  of ~12 mm  yr­1341
between AIES and MNGO. This movement could be accommodated mainly in the GF and342
a small part (~2 mm yr­1) in the southern faults of the Graben. Given the situation of the343
SSIA station within the Metropolitan Area of San Salvador (MASS), among the active San 344
Salvador  volcano and Ilopango  Caldera  and within the  Central  Graben,  it could be345
affected by  local strain motions,  recording a smaller parallel  to the profile  component.346
The fault­normal velocities (triangles in Figure 4a) show an extensional component that347
could be  associated to the  Central  Graben structure,  with a maximum of ~5 mm yr­1348
between north and south stations in the profile. Low density of stations in this segment349
and the high uncertainty in the velocity of some of them make the results of this profile350
not very  reliable.  In any  case,  we  suggest a slip rate  of ~10 mm yr­1 for  GF and an351
extension rate of up to ~5 mm yr­1 in the Graben.352
Profile B­B’ (Figures 3 and 4b) has a N179°E direction, perpendicular to main trace of San353
Vicente  Fault (SVF),  which was  the  source  of the  February  13th,  2001  earthquake 354
(Martínez­Díaz et al., 2004; Canora et al., 2010, 2012). The fault­parallel velocities (dots355
in Figure 4b) show a right lateral motion rate of ~10 mm yr­1 across ESFZ, between AIES356
and CEGD sites. The  movement is  clearly  accumulated in a  band of less  than 20 km357
around the trace  of SVF,  which presumably is  accumulating most of the  elastic358
deformation. No significant motion normal to the fault is appreciated (triangles in Figure359
4b). Red solid curved lines show the strain accumulation profiles associated with the SVF360
that best fit to fault­parallel  velocities,  with locking  depths  between 6  and 10  km,361
consistent with the  rupture dimension of the  February  2001 earthquake  (Kikuchi  and362
Yamanaka, 2001), and slip rates between 10 and 12 mm yr­1.363
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Profile C­C’ (Figures 3 and 4c)  is projected in the central part of ESFZ, perpendicular to364
the Lempa segment, with a N198°E direction. This profile  is perpendicular to the traces365
of Apastepeque  Fault (AF),  La  Joya  Fault (LJF), Lempa  Fault (LF)  and Berlín Fault (BF), 366
which form part of Lempa pull­apart basin (Corti et al., 2005). The fault­parallel velocities367
(dots in Figure 4c) show a right lateral motion rate of ~9 mm yr­1 across the Lempa pull­368
apart basin, between AIES and RIOG sites. Here the movement is accumulated in a band369
of less  than 20 km  between the  faults  which form  the  Lempa  pull­apart basin.  An370
exception is the parallel component of the CH15 station, located near the Lempa River, 371
with a rather higher parallel component, possibly due to the influence of faults  located372
to the east and northeast AF. The fault­normal velocities (triangles in Figure 4c) show an373
extensional component with a maximum rate of ~3 mm yr­1, which is consistent with the374
strain distribution within a pull­apart.  The  normal  component of RIOG  station shows375
smaller value, which could be clearly a movement caused by N­S normal faults located in376
the northern part of El Salvador. The best fit model (red solid curved lines in Figure 4c)377
for the profile associated to AF gives similar values to San Vicente Segment, with locking378
depths  between 6  and 10 km  and slip rates  between 8  and 12 mm  yr­1. It  should be379
noted that the  parallel  components  of stations located south of the  pull­apart basin380
(AIES, VIEJ and NONU) are below the strain curve associated to AF, which make evident381
the activity of the faults bounding  the southern limit of the pull­apart structure. These382
are active faults according to other morphotectonic studies. Something similar occurs in383
the deformation curve  associated with SVF, which could prove  the  existence  of active384
faults south of SVF that are accommodating part of the deformation of ESFZ.385
Profile D­D’ (Figures 3 and 4d) is projected in the Berlín segment on the direction N185°E,386
east of the Lempa River and perpendicular  to the main traces of El  Triunfo Fault (ETF)387
and Lolotique Fault (LLF). The normal components to the profile (triangles in Figure 4d)388
are not as homogeneous  as  in the previous profiles,  revealing more complexity  in the389
distribution of deformation in this area, particularly  in the southern part of the profile.390
This could prove the possible existence of active faults with N­S and NNW­SSE trends in391
the southern of ESFZ. In the northern part, a gradual extension with rate of ~ 1.9 mm yr­1392
is  observed.  The  parallel  component to the  profile  (dots  in Figure 4d)  shows  a  right­393
lateral motion rate of ~7.5 mm yr­1, which mainly is accumulating  in ETF and LLF. BT10394
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station,  located at the Berlin geothermal  field,  shown anomalous values, mainly in the395
east component, which is possibly due to local movement associated to volcanic activity. 396
Considering the complexity of the  deformation in this region and the  low  density  of397
stations near the trace to obtain accurate locking depths, red solid curved lines in Figure398
4d shows the deformation profiles associated with the Berlin segment (ETF and LLF) that399
best fit to fault­parallel velocities, which suggests values of locking depths between 6 and400
12 km, and slip rates of 6 and 8 mm yr­1.401
Profile E­E’ (Figures 3 and 4e)  is projected in the eastern end of ESFZ (close to Fonseca402
Gulf), perpendicular  to San Miguel Segment, with N185°E trend.  In this  profile,  the403
movement occurs mainly in the southern part, between SAIN and JUCU stations, which404
confirm that the deformation is mainly accumulated in the faults with N­S and NNW­SSE405
direction located in southeast of El  Salvador. No significant motion in the  normal 406
component of velocity (triangles in Figure 4e) is appreciated, except in the southern part407
of the profile, between JUCU and SAIN, located to the west and east of Jucuarán­Intipuca408
Range, respectively, with a shortening rate of 1.5 mm yr­1 in the profile direction. It could409
be due to the orientation (~ N108°E) of the strike­slip faults located of the south parallels410
to the  coast,  which would increase  the  north component of JUCU  velocity. The  fault­411
parallel  velocities (dots  in Figure 4e) show a  right lateral motion  rate of ~7.5 mm  yr­1412
along the profile, mainly accumulated between JUCU and SAIN stations  (~5.5 mm yr­1). 413
This indicates the existence of E­W extension that could be produced by N­S and NNW­414
SSE normal  faults  located along  the Jucuarán­Intipuca  Range. We  suggest values  of415
locking depth between 4 and 8 km, and slip rates of 2 and 3 mm yr­1 for the San Miguel416
segment (red solid curved lines  in Figure 4e), however these values should be taken as417
indicative, given the complexity of the deformation in this area.418
4.2. Strain rate calculation.419
In contrast to the  displacement data,  the  strain rate  tensor is  independent of the420
reference  frame.  The  strain rate  field reveals  local  strain accumulation  rates  and their 421
possible connection to seismic hazard potential (Ward, 1994). We calculated the velocity 422
gradient tensor from the horizontal velocity field from ZFESNet GPS velocities, based on423
the formula from Feigl et al. (1990). For that, a Delaunay triangulation method was used424
and displacements  at vertex  of triangles were assumed homogeneous within properly 425
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formulated network triangles. Then the velocity gradient is used to calculate  strain and426
rotation rates within the network. From these parameters, we also calculated dilatation427
and maximum shear strain rates (?̇?)  and their directions (Figure 7). The  horizontal428
principal strain axes (𝜀 ̇ and 𝜀 ̇) and dilatation (𝜀̇)̅ are shown in Figure 6. A convention of429
positive strain rates indicating extension is used.430
In general, there is a predominance of extensional component along the ESFZ (Figure 6).431
The maximum extension rate is 0.68 ± 0.16 μstrain yr­1 while the maximum shortening432
rate is 0.41 ± 0.22 μstrain yr­1. The orientation of extension and shortening axes is mostly433
NE­SW  and WNW­ESE, respectively, oblique  to the  traces  of ESFZ,  as expected.  The434
highest extension rates are located in the eastern of the Lempa River (Berlín segment),435
between the  Berlín,  Usulután and San Miguel volcanoes,  which suggests  that this436
extension could also be associated with the  volcanic activity. Similarly,  in the western437
segment, between the  Ilopango and Coatepeque Calderas, there is also a predominant438
extension,  with a maximum  extension rate  of 0.33  ±  0.14  μstrain yr­1 and orientation439
ENE­WSW.  Here  the deformation area  is  wider,  mainly between the  GF  and ELF,440
generating a tectonically depressed area, coinciding with the Central Graben. The strain441
rates decrease significantly to the east (San Miguel segment) and southeast of the ESFZ,442
with similar rates of extension and shortening (from 0.47 μstrain yr­1 to 0.16 μstrain yr­1)443
to the north and south, respectively. There  is a significant change  in the orientation of444
the  extensional  component in the  southeast,  with an average azimuth of ~80°,  which445
confirms the E­W extension in this area (Jucuarán­Intipuca Range). In the central area of446
the ESFZ (San Vicente and Lempa segments), the strain rate is concentrated mainly in the447
Lempa pull­apart.  The shortening rate is greater than in the remainder fault zone, with a448
maximum  of 0.37  ± 0.19  μstrain yr­1, however, it remains predominantly extensional449
rate, with a maximum of 0.31  ± 0.14 μstrain yr­1.  The  predominant orientation of the450
extensional axes is also ENE­WSW. This distribution of strain rates clearly coincides with451
the extensional inner faults of the pull­apart and strike­slip bounding faults.452
Dilatation rate (𝜀̇)̅  is calculated summing the shortening and extension rates. There is a453
predominance of positive dilatation rates  in ESFZ (Figure 6), with a maximum of 0.72 ±454
0.13 μstrain yr­1 corresponding with maximum extensional component, to the east of the455
Lempa river. The western segment of ESFZ, between Coatepeque and Ilopango Calderas,456
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presents also positive dilatation rates with an average rate of ~0.20 μstrain yr­1, which is457
consistent with the  predominance  of extensional  component in this  area. On the  east458
and southeast of ESFZ null dilatation rates are obtained. The maximum negative rate  is459
obtained south of Berlín  volcanic zone, with ­0.42  ± 0.11 μstrain yr­1.  The  lack of data460
near the salvadoran shore makes this value difficult to confirm and analyze.461
The  maximum shear strain rate  (?̇?)  is  a  measure of a maximum change in the angle462
between two line  segments  that were orthogonal in the undeformed state. Maximum463
values of ?̇? are obtained around the central part of ESFZ (Figure 7), along San Vicente, 464
Lempa and Berlin Segments  (0.80  ±  0.27  μstrain yr­1).  Furthermore,  the  predominant465
orientation of the  right­lateral  shear  planes of ?̇? in this  region (~110°) is  in good466
agreement with the  strike  segments of the ESFZ (Figure 7). To the east,  the maximum467
shear strain is  obtained along the  faults close to the  coast,  with an average  value  of468
~0.20 μstrain yr­1. Here the  orientation of right­lateral  shear  planes  changes  to ~120°. 469
This value agrees with the strike of these faults.470
471
5. Discussion.472
The velocity field and strain rate calculations show a clear evidence of on­going crustal473
deformation in the  El  Salvador Fault Zone  (ESFZ),  indicating  a  right­lateral  strike­slip474
tectonic with a varying extensional component and strain distribution along the zone. In475
the previous sections we described and analyzed the velocity field features along profiles476
and strain rates calculation.  In this  section we discuss the  importance of these results477
and present our interpretation in terms of local and regional tectonics.478
5.1. Velocity field associated with ESFZ.479
The  main feature of our  velocity  field in a  Caribbean reference  frame is  clearly  the 480
dominance  of movement oriented WNW­ESE (~290°),  practically  perpendicular  to the481
convergence angle between the Coco and Caribbean plates at 20° ± 2° (DeMets et al.,482
2010).  The  velocities  observed reach their maximum  values  south of the  volcanic arc, 483
near the coast, reaching values of up to ~12 mm yr­1. Values decrease toward the interior484
of the  continent,  reaching  ~2 mm  yr­1 in stations  located in the  Salvadoran backarc,485
which moves almost in solidarity with the Caribbean plate.  This displacement pattern is486
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typical of a  locked strike­slip fault and is  consistent with the  results obtained by other487
authors  in the area on a regional  level  (Corre­Mora et al., 2009; Alvarado et al., 2011).488
We identified three main groups of stations with approximately homogeneous behavior489
(Figure 3):490
i) the group of stations located in the north of El Salvador, in the salvadoran backarc, is491
characterized by the smallest velocities, between 2 and 4 mm yr­1,  and a predominant492
orientation of ~305° which indicates they belong to the Caribbean plate. However, there493
are some velocities  into this group with small  differences  in module  and orientation.494
RIOG is moving  in a more westward direction (~N265°E) than the dominant motion of495
the group.  This  motion could be  related to minor and local structures with N­S 496
orientation. GUAY and MNGO show movements rotated to the north, this behavior could497
be  real, but we  suspect that the  high uncertainty  of these stations, measured only in498
three campaigns from 2008 to 2012, could explain this.499
ii) The  group formed by  the  stations  located to the  south of the  volcanic arc,  in the500
forearc,  shows  velocities  practically  perpendicular  to the  Coco/Caribe  convergence501
direction,  reaching values of up to 12 mm yr­1. This value represents almost totally the502
forearc Salvadoran movement, although it is slightly lower than that reported by other 503
authors  for  the  forearc  sliver,  ~14 mm yr­1 (Corre­Mora  et al.,  2009;  Alvarado et al.,504
2011).  Some exceptions are BT10 and USUL stations,  which are  moving  in a  more505
westward direction (~270°) than the  dominant motion of the  group.  This  difference506
could be caused by  the  proximity  to the Berlin and Usulután active  volcanic areas, 507
recording movements related to volcanic activity. A significant increase of the rates from508
east to west is also observed in this group of stations, with velocities of ~5 mm yr­1 in509
stations located near the Fonseca Gulf (SAIN and AMAT), clearly lower than the velocities510
of western the stations (AIES,  VIEJ  and NONU),  with rates  up to ~12  mm  yr­1.This511
difference could be caused by the accommodation and distribution of E­W extensional512
deformation driven by  the  N­S  and NW­SE  normal  faults  located in southeastern El513
Salvador (Jucuarán­Intipuca  Range). This  extensional  regime  could be  part of the514
extensional basin of the Fonseca pull­apart (Alvarado et al., 2011). The velocity increase 515
from east to west along the forearc block is also consistent with the regional kinematic of516
Chortís block. The higher extension in the west combined with the pinning of the forearc517
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block in Guatemala  (Álvarez­Gómez et al.,  2008) contribute  to a  shear  movement518
increasing from east to west in Salvador.519
iii) The  group formed by  stations  located in the  central  part of El  Salvador,  near  the520
Salvadoran volcanic arc and the  main structures  that comprise  the  ESFZ,  with521
intermediate  velocities  between 4 mm  yr­1 and 9 mm  yr­1.  These stations  are located522
within the ESFZ  area of influence,  accommodating  part of the  deformation associated523
with this  structure. It  is  possible  that SVIC and CARM stations  are recording  the524
displacement due  to post­seismic  effects  of February  13th, 2001  earthquake, which525
would produce  a  small  increase  in the parallel  component of these  stations  (Feigl  and526
Thatcher,  2006),  as  well  as  in the  normal  component,  such as  shown these station527
velocities (Figure 3).528
Our  velocity  field does  not detect the  existence  of compressional deformations529
associated with the  convergence between the Cocos and Caribbean plates.  This  is530
consistent with the absence of coupling in the Caribbean­Cocos subduction interface, as531
suggest by other authors (Álvarez­Gómez et al., 2008; Correa­Mora et al., 2009; Alvarado532
et al., 2011; Franco et al., 2012). 533
Although this paper does not address vertical deformation rates, the results obtained for534
the vertical velocities (see Figure S3 in supplementary material) suggest that there is no535
clear uplift or subsidence trend in the ESFZ. This also agrees with the lack of coupling in536
the  subduction zone  along  the  Cocos­Caribbean interface  in the  El  Salvador  region.537
Moreover,  the  values  obtained are quite  consistent with the  ESFZ local  tectonic538
structure, with slight subsidence in the extensional areas, as the graben to the south of539
the Guaycume  fault and the extensional  zone of Jucuarán­Intipuca Range, with except540
for the PLAY station.541
5.2. ESFZ strain distribution.542
The  orientation  and magnitude of the principal  strain rate axes and rotation rates543
obtained by the inversion of the GPS data (Figure 9) are in agreement with the regional544
studies  of seismicity (Cáceres  et al.,  2005) and are consistent with the active tectonic545
regime in the area.546
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Principal  strain rates  and dilatations  (Figure 9) show three  zones  with a  different547
deformation and behavior: i) a  western zone,  between the  Coatepeque and Ilopango548
Lakes,  with │𝜀 ̇│>│𝜀 ̇│  and positive dilatation, is  characterized by  a  predominance of549
extension, consistent with a transtensional regime, mainly through strike­slip faults with550
a  normal  component and N­S  normal  faults  (Lexa  et al.,  2011; Canora,  2011). ii) The551
central area, between Ilopango Lake and the Lempa River, where deformation is mainly552
concentrated in the  Lempa  pull­apart basin,  and a  predominance  of the strike­slip553
component, with │𝜀 ̇│≈│𝜀 ̇│. This strain rates distribution clearly agrees with the  strain554
rate distribution of a pull­apart basin (Petrunin and Sobolev, 2008). iii) The SE of the ESFZ555
is characterized by a lower strain rate (~0,10 μstrain yr­1), with │ε̇ │≈│ε̇ │, and a rotation556
of shortening axes (𝜀 ̇) in N­S direction, confirming the E­W extension in this area. 557
The  strain and dilatation rates obtained confirm  that deformation is distributed in the558
southern region from the Lempa River, concentrating around the faults that bound the559
Lempa pull­apart in the central zone and extending from the western zone of the ESFZ.560
Maximum  extension and dilatation rates are  obtained east of the  Lempa  River,  with561
│𝜀 ̇│>│𝜀 ̇│,  coinciding with the  Berlín, Usulután and San Miguel volcanic zone,  which562
suggests that part of this strain could be caused by volcanic activity.563
There is  a  clear  predominance  of clockwise  rotation (Figure  S3 in Supplementary564
material)  in the  area,  which is  consistent with the  ESFZ  dextral  kinematic.  Maximum565
values  coincide  with the  Lempa  pull­apart zone,  suggesting  that the dextral  shear566
combine  with the interaction of E­W  and N­S  faults  to form tectonic blocks  having  a567
greater susceptibility to undergo rotations about vertical axes.568
The  strain,  dilatation and rotation rates estimated are very  consistent with a 569
transtensional dextral strike­slip fault kinematic. However, it must be taken into account570
that our  results  are obtained from  an irregular distribution of stations,  in which the571
southern and western zones have less information.572
5.3. ESFZ kinematic.573
The  slip rate distribution along  the  ESFZ suggests  that the  boundary  between the574
salvadoran forearc  block and the  Caribbean block is  a  large shear  zone  in which575
deformation varies  along  the  structure. We estimate  that the movement between the576
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two blocks is at least ~ 12 mm yr­1. This movement is distributed between the different577
faults of the ESFZ in a different way from west to east:578
I. In the  western segment of the  ESFZ,  between Coatepeque  and Ilopango  Lakes,579
deformation is distributed along a 30 km wide band between the El Bálsamo Range580
to the  south and the Guaycume Fault to the north.  This  area  is  characterized by a581
dextral  strike­slip movement, between 8 and 12 mm yr­1, with a mean extensional582
component of ~3 mm yr­1,  which is  consistent with the morphology  and local583
structure of the Central graben extension (Lexa et al., 2011). 584
II. In the  central  area  of the  ESFZ,  between Ilopango  Lake  and the  Lempa  River,585
deformation is  concentrated in a  narrower band of about 15­30  km wide, 586
characterized by  an almost pure dextral  strike­slip movement.  This  area comprises587
the so­called Lempa pull­apart. We estimate a dextral strike­slip movement of 10­12588
mm yr­1 in the San Vicente segment. This movement is mainly attributed to SVF, since589
we  do not identify traces  of active faults to south of this  segment.  However,  the590
difference  in the  parallel  components  between the  SVIC and NONU  stations  could591
prove the existence of active faults to south of SVF (not already studied) that could592
accumulate part of this movement, so we suggest a slip rate less for SVF, of ~8 mm593
yr­1.  In the  Lempa pull­apart is  accumulated a  dextral  strike­slip movement of ~10594
mm yr­1, divided mainly between northern and southern faults of pull­apart, with ~8595
mm yr­1 and ~2 mm yr­1,  respectively, although there  is  insufficient data to confirm596
the slip rate of fault system located south.597
Both areas described above are part of the depressed area limited by the main structures598
of the ESFZ, known in the literature as Median Trough of El Salvador (Carr, 1976).599
III. From the Lempa River to the Fonseca Gulf, the deformation pattern of ESFZ changes600
significantly,  from a deformation concentrated mainly in the strike­slip faults of the601
volcanic arc in the western part, to a deformation distributed in a more complex way602
in the  southeast of El  Salvador; possibly through a dense network of normal  faults603
oriented N­S,  NW­SE and NNW­SSE that are  very  evident in the  digital  elevation 604
models  (Canora,  2011) and limited mainly by  strike­slip faults  oriented WNW­ESE,605
which is consistent with the results obtained by Alvarado et al. (2011).606
21
In the  Berlin segment, between the  Lempa  River  and San Miguel  volcano,  we607
estimate a dextral strike­slip movement between 8 and 6 mm yr­1 distributed mainly608
in ETF and LLF. The  slip rate deficit of ~4 mm yr­1 (up to 12 mm yr­1 of movement609
between the blocks) detected is possibly associated to the existence of several NW­610
SE structures, not already studied located to the south of this segment. 611
In the San Miguel segment, between San Miguel volcano and the Fonseca Gulf, the612
deformation is  distributed mainly to the  south.  We  estimate a  dextral  strike­slip613
movement of 2­3 mm yr­1 for this segment. We also estimate an extension of ~5mm614
yr­1 in E­W  direction concentrated mainly along  the  Jucuarán­Intipuca Range and615
surroundings by the N­S and NE­SW normal faults. This extension is consistent with616
previous  studies  of deformation made  by  morphotectonic analysis (Hernández­617
Moreno,  2011) and geodetic data  (Alvarado et al.,  2011  and Correa­Mora  et al.,618
2009) that obtain an extension of 4 mm yr­1 for this area. We suggest that the slip­619
rate  deficit in this  area  is  possibly accumulated on faults  located south of the620
mountain range,  as  Intipuca,  El  Espino and Rio  Grande  faults  with WNW­ESE621
orientation. Other authors  (Alvarado et al., 2011) propose a  fault located off­shore622
(Funk et al.,  2009) as  a  bounding  strike  slip fault of a  pull­apart basin. A  third623
explanation is the possible existence of permanent ductile deformation of the crust624
that could explain the difference.625
The  strain  distribution along  ESFZ ratifies  the  transference  of deformation  from  the626
narrower  and strike­slip western  segments of the  ESFZ  towards  extensional  structures627
distributed in a wider area along the eastern part of the fault zone dominated by the N­S 628
extensional faults. This extensional structure is part of the extensional basin of Fonseca629
pull­apart,  which could be  related to the  transition of movement between the630
Nicaraguan and Salvadoran arcs.631
The kinematics of the ESFZ confirms an increase of the velocity from east to west within632
the forearc block, which is consistent with the regional kinematic of the Chortís Block. A633
greater extension in the western part of this block, combined with pinning of the forearc634
block in Guatemala  (Malfait and Dinkelmann,  1972),  favors  the  east to west velocity635
increasing in the strike­slip movement along El Salvador.636
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Figure 8 shows  schematically  the  kinematic model  proposed for  the  ESFZ from  the637
analysis of our velocity field. Table 2 shows the preliminary parameters of locking depth638
and slip rate  (parallel  and normal  to the  fault trace)  in the  long  term  that can be639
attributed to the main faults analyzed in this paper. In the proposed model, we defined640
three  main blocks;  Western,  Central  and Eastern blocks  delimited by  major  faults  of641
which we  have estimated slip rates.  The eastern block,  in southeastern El Salvador,642
comprises the extensional area that includes the Jucuarán­Intipuca Range and the Gulf of643
Fonseca,  forming  part of the  Fonseca  pull­apart.  This  block is  clearly  bounded on the644
north by the Berlín (ETF and LLF) and San Miguel  (MF and SMF) segments with dextral645
strike­slip movement, and comprise  the  E­W extensional  region mainly  concentrated646
along  the  Jucuarán­Intipuca  Range.  We propose  that the  faults  on­shore near  and647
parallel to the coast (IF, RGF and EEF) as southern boundary of this block. These faults648
could accumulate  the  deficit dextral  slip­rate  obtained in this  area.  The  western and649
eastern boundaries  are not clearly  defined and currently it is  an open discussion. The650
Central  and Western blocks  comprise  the  Lempa  pull­apart and Central  graben, 651
respectively,  indicating  that,  at present,  faults along  the  northern boundary  of the652
graben are more active with an almost pure dextral strike­slip movement. Nevertheless,653
the  southern faults  are also  active  albeit with a lower  strike­slip rate,  and an oblique654
movement with a  significant normal  component.  These  faults  located south of the655
Central graben could be responsible for the extensional component in the area. 656
It is expected that the locking depths of different faults of ESFZ are similar, since that the657
crust must have similar rheologies and heat flows. Considering the  data  limitation,  in658
general  the  analyzed faults  are coupled with a locking  depth between 6  and 12  km.659
These values agree with the obtained by other authors (Kikuchi and Yamanaka, 2001) for660
some  of the faults  analyzed and are consistent with the  distribution of the replicas661
occurred after the February 2001 earthquake on San Vicente fault (Canora et al., 2010).662
There are several geological and paleoseismological studies of some segments and faults663
of ESFZ. Canora et al.  (2012) from paleoseismological  studies of SVF propose a dextral664
strike­slip rate of 4 mm yr­1 to this fault, value significantly lower than obtained in this665
paper from geodetic data (8 mm yr­1). The underestimation of the paleoseismological slip666
rates is expected, since these values do not correspond to the entire fault, but rather to a667
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specific branch of the  segment of the  fault.  On the  other  hand,  the  GPS slip rates668
represent an upper bound of the overall slip rate (e.g. Reilinger et al., 2006), since it has669
been assumed that all  the measured deformations  occur on the SVF  and no slip on670
secondary  faults  and/or internal  (plastic) strain accumulation has been considered. On671
the other hand, the results obtained from morphometric analysis by Alonso­Henar et al.672
(2014) suggest a maximum slip­rate of 4.6 mm yr­1 to ETF, value closer to that obtained673
in the present study of 6­8 mm yr­1. Corti et al. (2005) analyze geologically the velocity of674
main structures  of ESFZ  with the  displacements  measure of rivers  along  the  Berlín675
segment, obtaining  a  dextral  slip rate of ~11  mm  yr­1,  value  agrees  with the  rates676
obtained for the ESFZ from GPS data.677
678
6. Conclusions.679
This paper presents the results and conclusions obtained from new GPS data compiled680
over 5­year period along the El Salvador Fault Zone. This work contributes new data to681
understand the kinematics and the slip rate of ESFZ. The deformation field obtained from682
the original  data,  the estimates of locking depth and slip rates  are all  important steps683
towards  learning  about this seimogenic potential  of this fault system  and then to684
improve  seismic hazard assessments in this region.685
We present a GPS­derived horizontal velocity field representing the present­day crustal686
deformation rates in the ESFZ based on the analysis of 30 GPS campaign stations of the687
ZFESNet network measured over a 4.5 years period from 2007 to 2012. The velocity field688
and subsequent strain rate analyses  clearly  indicate a dextral  strike­slip tectonics689
throughout the  ESFZ. The most prominent feature of our velocity field in a Caribbean690
reference  frame  is  clearly  the  dominance  of movement oriented WNW­ESE (~290°),691
perpendicular  to the  convergence between the Coco and Caribbean plates at 20° ± 2°, 692
with notable decreased of movement towards the north, reaching values close to zero in693
stations  located in the  Salvadoran backarc. This  displacement pattern is  typical  of a694
locked strike­slip fault and is coherent with the results obtained by other researchers in695
the area on a regional level. In the forearc block, there is a notable increase in velocity,696
from ~5 mm yr­1 in the east, near the Gulf of Fonseca, up to ~12 mm yr­1 in the west. This697
difference could be explained by the accommodation and distribution of extensional E­W 698
24
deformation in N­S and NW­SE normal  fault located in southeastern El Salvador. These699
structures could form part of the Fonseca pull­apart basin. 700
The  estimated strain,  dilatation and rotation rates  suggest an extensional  component701
along the ESFZ and are consistent with a transtensive dextral strike­slip fault kinematics. 702
The strain pattern  indicate three zones with a different deformation and behavior:  The703
western zone,  where │𝜀 │>│𝜀 │  and dilatation is  positive,  is  characterized by a704
predominance of extension, coherent with a transtensive regime, mainly through strike­705
slip faults with a normal  component and N­S  normal  faults. In the  central  area706
deformation is mainly concentrated in the Lempa pull­apart, and a predominance of the707
strike­slip component, with │𝜀 │≈│𝜀 │. This strain rates distribution clearly agrees with708
the extensional and strike­slip components of the  Lempa pull­apart. And the SE of the709
ESFZ  characterized by a lower  strain  rate (~0,10  μstrain yr­1),  with │𝜀 │≈│𝜀 │,  and a710
rotation of shortening  axes  (𝜀 ) in N­S  direction,  confirming  the  E­W  extension in this711
area. Our  velocity  field does  not initially  detect the  existence  of compression712
deformations  associated with convergence  between the  Cocos  and Caribbean plates.713
This is consistent with the absence of coupling in the subduction zone off the Salvadoran714
coast. 715
The  slip rate distribution along  the  ESFZ suggests  that the  boundary  between the716
Salvadoran forearc and Caribbean blocks  is a deformation zone which varies along the717
fault zone. We estimate that the movement between the  two blocks  is at least of ~12718
mm  yr­1.  This  movement is  distributed between faults  or  segments  of the  ESFZ  in a719
different way from west to east. We propose a kinematic model with three main blocks.720
In the  western segment of the  ESFZ,  deformation is  distributed along  a  wide  band721
between the El Bálsamo Mountain Range  to the south and the Guaycume Fault to the722
north. This area is characterized by a dextral strike­slip between 8 and 12 mm yr­1, with723
an extensional component of up to ~5 mm yr­1.. In the central ESFZ area, between Lake724
Ilopango and the Lempa  River,  deformation  is  concentrated in a narrower  band, 725
characterized by an almost pure dextral  strike­slip movement of ~10 mm yr­1, which is 726
divided mainly between ~8 mm yr­1 north, and presumably ~2 mm yr­1 south. From the727
Lempa  River  to the  Gulf of Fonseca,  deformation has  a  more  complex  distribution728
towards the southeast. In San Miguel segment deformation is distributed from north to729
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south, between the ~2­3 mm yr­1 dextral  strike­slip movement associated with the San 730
Miguel  segment, a ~5 mm yr­1 E­W extension mainly concentrated along the  Jucuarán­731
Intipuca  Mountain Range,  and a  mainly dextral  ~5 mm yr­1 strike­slip movement732
associated with the faults close to the coast. For the Berlin segment we estimated a 6­8 733
mm  yr­1 dextral  strike­slip movement. Deformation distribution throughout the  ESFZ734
ratifies the transference of deformation from the western segments of the ESFZ towards735
extensional  structures distributed in a wide  area along  the eastern border of the  fault736
zone, which indicates the importance of N­S structures in this area.737
The kinematics of the ESFZ confirms an increase of velocity from east to west within the738
forearc block, which is coherent with the regional kinematics of the Chortís Block. This is739
coherent with a  greater extension in the western part of this  block, which,  combined740
with the  pinning  of the  forearc  block in Guatemala,  favors  east to west strike­slip741
movement in El Salvador.742
The GPS velocities obtained in this study complement and enhance the previous works743
by providing a higher spatial resolution of GPS data coverage in the area, and contribute744
for  a  better  understanding  of the  kinematic of the  ESFZ,  allowing  us  to estimate  the745
deformation field and slip rates of the main faults, which are all essential to increase our746
knowledge  of the  seismogenic behavior of the  ESFZ  and to improve seismic hazard747
assessments in the region.748
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Table 1
Table 1. Site positions and velocities relative to ITRF2008 (epoch 2005.0). Uncertainties are
standard errors. The errors given are 12 times the formal statistical errors. Ve positive to the
east, Vn positive to the north.
Position Velocities 
GPS station Latitude(°N)
Longitude
(°E)
Total
Data(a)
ΔT(b)
(years) Ve (mm/yr) Vn (mm/yr) Vu (mm/yr)
AIES (1) 13.44726 ­89.05040 104 4.51 0.6 ± 0.5 7.4 ± 0.5 3.4 ± 1.2
AMAT 13.40525 ­87.99889 5 4.51 6.8 ± 1.2 7.2 ± 1.2 0.2 ± 7.2
BT10 13.52896 ­88.50711 7 4.51 0.3 ± 1.2 6.2 ± 1.2 0.2 ± 8.4
CABA 13.72774 ­88.67700 6 4.51 9.8 ± 1.2 8.0 ± 1.2 4.3 ± 6.0
CARM 13.72650 ­88.89847 6 4.51 10.0 ± 1.2 8.3 ± 1.2 2.0 ± 6.0
CARR 13.66923 ­88.72772 11 4.51 8.7 ± 1.2 7.6 ± 1.2 2.0 ± 4.8
CEGD 13.93950 ­88.90170 7 4.51 10.4 ± 1.2 8.0 ± 1.2 2.7 ± 6.0
CH15 13.62243 ­88.56115 24 4.51 6.0 ± 1.2 7.9 ± 1.2 0.9 ± 3.6
CHET 40526M001* (1) 18.49528 ­88.29922 105 4.51 ­9.3 ± 0.5 ­0.7 ± 0.5 ­0.1 ± 1.2
CNR1 (1) 13.67044 ­89.28901 80 3.52 0.4 ± 0.5 2.5 ± 0.5 6.9 ± 1.2
CSJO 13.48650 ­88.38608 5 4.51 5.5 ± 2.4 7.8 ± 1.2 1.5 ± 7.2
ELEN 40902S001* (1) 16.91606 ­89.86761 27 1.47 ­10.8 ± 2.4 ­1.2 ± 1.2 3.1 ± 8.4
GUAT 40901S001* (1) 14.59040 ­90.52018 60 2.46 6.4 ± 0.5 3.0 ± 0.5 1.3 ± 2.4
GUAY 13.84108 ­89.16230 8 3.52 11.3 ± 2.4 9.6 ± 2.4 ­2.3 ± 8.4
ICHA 13.56028 ­88.71624 6 4.51 3.7 ± 1.2 9.3 ± 1.2 5.5 ± 7.2
JUCU 13.25287 ­88.24958 5 4.51 2.6 ± 1.2 9.1 ± 1.2 ­1.1 ± 7.2
LOLO 13.55892 ­88.36851 10 4.51 9.8 ± 1.2 7.7 ± 1.2 ­1.2 ± 4.8
LPIN 13.68044 ­87.91948 6 4.51 8.8 ± 2.4 7.8 ± 1.2 0.4 ± 8.4
LSSJ 13.37803 ­88.19795 5 4.51 ­0.6 ± 2.4 7.1 ± 1.2 ­1.1 ± 8.4
MANA 41201S001* (1) 12.14894 ­86.24899 106 4.51 5.8 ± 0.5 7.9 ± 0.5 ­3.9 ± 1.2
MIGL 13.52857 ­88.15003 15 4.51 8.1 ± 1.2 7.0 ± 1.2 ­1.6 ± 4.8
MNGO 13.96509 ­89.19742 3 3.52 11.9 ± 2.4 8.3 ± 2.4 8.8 ± 10.8
NONU 13.57408 ­88.95202 7 4.51 1.4 ± 1.2 8.6 ± 1.2 4.6 ± 7.2
OPAC 13.72180 ­88.36670 5 4.51 9.5 ± 2.4 9.6 ± 2.4 1.8 ± 8.4
OSIC 13.81387 ­88.14565 6 4.51 9.1 ± 1.2 8.5 ± 1.2 1.5 ± 7.2
PASA 13.59177 ­87.83222 6 4.51 8.2 ± 1.2 7.6 ± 1.2 ­1.2 ± 7.2
PLAY 13.79323 ­89.34524 5 3.52 4.6 ± 2.4 8.5 ± 2.4 5.2 ± 9.6
PRUS 13.34709 ­88.60539 6 4.51 3.0 ± 1.2 8.3 ± 1.2 2.6 ± 6.0
RIOG 13.82395 ­88.57777 5 3.52 9.2 ± 2.4 6.5 ± 2.4 1.4 ± 8.4
SAIN 13.32485 ­87.81526 6 4.51 7.9 ± 1.2 7.7 ± 1.2 ­0.1 ± 7.2
SBAR 13.63394 ­88.35418 5 4.51 9.2 ± 1.2 8.1 ± 1.2 2.4 ± 7.2
SCAR 13.63830 ­88.08294 5 4.51 9.9 ± 1.2 7.8 ± 1.2 2.1 ± 7.2
SNJE (1) 13.86825 ­89.60069 104 4.51 5.0 ± 0.5 6.2 ± 0.5 ­1.9 ± 1.2
SSIA 41401S001* (1) 13.69708 ­89.11660 106 4.51 7.8 ± 0.5 6.2 ± 0.5 1.8 ± 1.2
SVIC 13.63035 ­88.78718 9 4.51 6.1 ± 1.2 9.9 ± 1.2 ­0.1 ± 6.0
TACA 13.96998 ­89.35361 5 3.52 8.1 ± 2.4 7.4 ± 2.4 1.8 ± 9.6
TEG1 41101S002 (1) 14.09007 ­87.20565 101 4.51 8.9 ± 0.5 6.8 ± 0.5 1.4 ± 1.2
USUL 13.37992 ­88.48417 10 4.51 2.1 ± 1.2 5.9 ± 1.2 1.3 ± 4.8
VIEJ 13.51490 ­88.98836 3 3.52 ­0.1 ± 2.4 8.2 ± 2.4 3.7 ± 12.0
VMIG (1) 13.39615 ­88.30464 102 4.51 4.3 ± 0.5 7.8 ± 0.5 2.8 ± 1.2
(a) Number of occupations.
(b) Time span of observations.
(1) Continuous GPS site.
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Table 2
Table  2. Main parameters  obtained from GPS velocities  of the major  segments  and faults
analyzed in the ESFZ.
Segment/Fault Distance(km)
Depth
(km)
Slip­rate (mm/y)
strike normal
West Segment GF 36 10? 8­12 ̴3?ELF 9.4 ~2?
San Vicente Segment SVF 21  6­10 ~8
Lempa Segment AF 15 6­10 ~8LJF 7.6 ~2?
Berlín Segment ETF ­ LLF 32,8 (23,5 + 9,3) 6­12 ~8­6
San Miguel Segment MF ­ SMF 47,7 (9,9 + 37,8) 4­8 2­3
Values followed by question marks are approximate which are obtained with few data or 
deduced by extrapolation. Positive values indicate dextral shear and extension. Distances 
between brackets correspond to the length of each fault trace simple. GF – Guaycume Fault, 
ELF – El Limón Fault, SVF – San Vicente Fault, AF – Apastepeque Fault, LJF – La Joya Fault, ETF
– El Triunfo Fault, LLF – Lolotique Fault, MF –Moncagua Fault, SMF – San Miguel Fault.
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Figure 1
Figure 1. Tectonic setting of northern Central America. Black vector  indicates  relative  rate
and azimuth between Cocos and Caribbean plates  (DeMets,  2010). Orange  triangles  show
the positions of volcanoes.  Focal mechanism  is  for  the 2009 May 28 from  the global CMT
catalogue. Abbreviations are the following: GG – Guatemala Graben, IG – Ipala Graben JF –
Jalpatagua  Fault,  ESFZ – El  Salvador  Fault Zone, HD – Honduras Depression,  FG – Fonseca
Gulf,  SITF – Swan Islands  Transform  Fault,  PF – Polochic Fault, MF – Motagua  Fault,  HS –
Hess Scarpment, GF – Guayapé Fault, MAT –Mid­American Trench.
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Figure 2
Figure 2. DEM (SRTM3) of El  Salvador  with the  segments  and min fault traces  of the  El
Salvador  Fault Zone. Red bold lines outline main active  faults. Thin black lines outline  the
map of faults  extracted from  Canora  et al.,  2012.  Orange  triangles  show the  positions  of
volcanoes.  CF  – Comecayo  Fault,  GF  – Guaycume  Fault,  SVF  – San Vicente  Fault,  AF  –
Apastepeque Fault, ETF – El Triunfo Fault, LLF – Lolotique Fault, MF –Moncagua Fault, SMF –
San Miguel  Fault,  ELF – El  Limón Fault, PF – Panchimalco  Fault,  LJF – La  Joya  Fault,  BF –
Berlín Fault, LF – Lemp Fault, RGF – Río Grande Fault,  EEF – El  Espino Fault, IF – Intipuca
Fault.  Black dots show instrumental epicenters (Mw > 4, period 1976­2012) from Benito et
al., 2010 catalogue. Focal mechanisms are for events with Mw > 5.5 and period 1976­2012
from  Harvard Centroid Moment Tensor database.  Focal  mechanisms are for  the 2001
January 13 and February 13 from the global CMT catalogue.
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Figure 3
Figure 3. ZFESNet GPS horizontal velocity field in Caribbean plate reference frame with 65%
confidence error ellipses. Red bold lines  outline main active faults of the  ESFZ.  Thin black
lines outline the map of faults (Canora et al., 2012). Black lines show transverse (A­A’, B­B’, 
C­C’, D­D’ and E­E’) profiles to ESFZ.
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Figure 4
Figure 4. Types of antenna mounts used in ZFESNet observation. a) 0.55 m fixed­height spike
mount. b) 1.1265 m levelled fixed­high pole.
a b
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Figure 5
Figure 5. Topography  and Caribbean GPS velocities  projected along profiles  showed (see
Figure 3 for profile locations). Profile­parallel velocity components (black circles) and profile­
39
normal velocity components (black triangles) with one standard error bar are plotted versus
distance along profile. Red solid curved lines show the best strain accumulation models for a
vertical, infinitely long strike­slip fault. Locking depths (D) and slip­rates (V) are indicated in
each profile. Black lines  indicate main active fault traces. Volcanic arc area is shaded. GF –
Guaycume Fault, SVF – San Vicente Fault, AF – Apastepeque Fault, ETF – El Triunfo Fault, LLF
– Lolotique Fault, MF – Moncagua Fault, SMF – San Miguel Fault, ELF – El Limón Fault,  LJF –
La Joya Fault, IF – Intipuca Fault.
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Figure 6
Figure 6. Strain and dilatation rates in the ZFES obtained from the Delaunay triangulation (in
grey). Vectors represent principal axes of the horizontal strain rate tensors. Inward pointing
arrows  depict compression (in red),  outward pointing  arrows  depict extension (in blue).
Dilatation is blue and contraction is red. Black lines outline main active faults.
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Figure 7
Figure 7. Maximum  shear  strain rates  and maximum  shear  strain directions  (Thick black
lines) obtained from the Delaunay triangulation (in grey) in the ZFES. Black lines outline main
active faults.
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Figure 8
Figure 8. Kinematic model of the ESFZ, showing the three main blocks: west block (in red),
central block (in green) and east block (in blue), like a part of the Fonseca pull­apart (FPA).
Slip­rates  in black show dextral shear movement, in white extensions. Big black arrow shows 
the direction  of movement of the  fore­arc  Salvadoran. White  arrows  show extension.
Orange triangles show the positions of main volcanoes. Central and Western blocks form the 
Median Trough of El Salvador. CL­Coatepeque Lake, IL­Ilopango Lake, LPA­Lempa pull­apart,
LR­Lempa River, FG­Fonseca Gulf, FPA­Fonseca pull­apart.
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